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ABSTRACT
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Title: Development of composite honeycomb protective structures for above-ground
steel storage tanks against wind-borne debris.
Within the civil engineering industry, the evaluation of a retro-fit system or morespecifically, a post-installed, glass fiber reinforced polymer and honeycomb system over
steel is evaluated on how this retro-fit system can help minimize impact and critical
kinetic energy onto steel storage tanks caused from wind-borne debris to structures in
hurricane prone regions. Determining an accurate formula for critical kinetic energy for
steel has also been an on-going process in our industry for over 200 years. This research
helps to get one-step closer to accurately determining a valid equation. Existing theories
and equations of critical kinetic energy have been evaluated and compared to the
laboratory data within. The major type of laboratory testing performed was impact
testing, using guidelines of the Department of Energy Protocol. Two other minor
laboratory tests were performed to correlate the data for comparison. One finite element
analysis was also evaluated for correlation. Laboratory testing was performed on four (4)
stainless-steel panels consisting of one, un-reinforced panel and three reinforced panels.
These panels were tested using the Department of Energy Protocol 5 at Texas Tech
University (TTU) for impact testing of the panels. The same laboratory samples of
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honeycomb and epoxy were tested at the University of Alabama Huntsville (UAH). The
honeycomb and epoxy samples consisted of 4”x4” coupons for 1/8” and ¼” honeycomb
cell size. These were assembled in accordance with the same laboratory impact
procedure and tested for compression and deflection was measured. Assembly was
performed in accordance with HJ3’s manufacturer recommendations and specifications
as well as the same lay-up pattern consisting of 1-layer of honeycomb, 2-layers and 3layers. Laboratory tests were performed at UAH on the glass fiber reinforcement
material and the epoxy. This test sample consisted of 16”x16” indention panels using
1/8” density cell honeycomb and the layup was the same. The last analysis consisted of a
finite element modeling (FEM) of the honeycomb core for the ¼” panel using the
software Abaqus VER.6.8-4. This sample was assembled in the same fashion as the
laboratory impact test panels. Finally, Theoretical critical kinetic energy of the panels
was evaluated using the empirical formulas, Neilson’s formula, SRI’s formula,
Greenstreet’s formula and Linderman’s equation of load to relate to deflection. Gerard’s
theory of adding protective layers to reduce critical kinetic energy appear to be valid. A
configuration of thickness varies for amount of energy to be absorbed. SRI’s formula
appears to be the most accurate at this date and time. The sample laboratory test
performed at UAH were evaluated and the measured deflection was compared to the
empirical deflection and load, using the laboratory data and Kunimoto and Yamada’s
formula [40]. In general, it was determined that the honeycomb post installed system
may absorb approximately 5.7 percent to 10.3 percent of critical kinetic energy
depending on the density of the honeycomb and approximately 1.5 percent to 60.5
percent deflection depending on the number of layers or height of the honeycomb.
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CHAPTER I

INTRODUCTION

1.1 Statement of the Problem
As commonly known within the United States, especially along the coast lines,
one type of event that affects almost everyone, is extreme weather from hurricanes,
century storms, and tornadoes. In the recent past, we have experienced stronger and
larger storms. Many people believe that the extreme weather we are experiencing in the
recent past, is due to global warming. The earth’s temperature has been tracked many
decades and it has historically shown indications of earth’s surface temperature to slowly
rise [1]. However, if you ask many geologists, they may say that this current warming
cycle is just a small blip on the general scale of the overall swing of the earth’s
temperature. This is greatly debated. No matter how you view global warming, one
thing we can all pretty much agree on, is the fact that the storms are becoming stronger,
larger and more costly to recover from. Every year, it seems as if the current storm
damage is more costly than the previous and seems to affect more people. To mitigate
the costs of damage, and to prevent damage to structures, engineers, contractors, and

1

scientist are in constant motion to provide better construction products, construction
methods and resources. Engineers are always striving to build stronger, more efficient,
more economical and safer structures. This is true not only in the building industry, but
also in other industries such as the aeronautical industry, mechanical industry and the
nuclear industry. Over the last approximately one hundred years, our infrastructure in the
United States has evolved from its first round of 21st century standards, to today, where
buildings, roadways and other structures have evolved into a completely new
technological, living, breathing, interactive structure. Some new buildings and
automobiles are so advanced that they are fully automated, sensory driven and
completely function on their own with minimal human interaction. These systems and
structures are advanced, and this is where our entire civil engineering industry is headed.
However, how do we get from the basic building and vehicle of the mid-century era to a
modern building of the 2020’s and automated vehicles? We must mitigate damage caused
by wind-born debris to existing roadway infrastructure, bridges, buildings and other
structures. To protect our aging infrastructure, we need to be creative and establish new
ideas and systems to protect these structures. Specifically, in the nuclear industry,
protecting steel storage tanks from flying debris caused by super-storms without having
to completely tear down, re-build and spend millions of dollars to protect them from
extreme weather or damage or corrosion and decay is one potential benefit to the
engineering industry There are products, systems, or combination of materials that can
be used together to help with such transition or implementation of a new system. Can
these systems or products extend the life of our infrastructure? In the civil engineering
industry, our existing roadways are overloaded today. Many and most of our highways
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and interstates were designed in the 1940’s and 1950’s for volumes of traffic much less
than today’s volumes. Additionally, the trucks and cars on the roadways are larger, faster
thus producing additional stress to highways and bridges. One problem that our country
faces is the deterioration of roadway infrastructure and the increasing costs to repair it, in
addition to the surplus volume of repairs and upgrades needed. We may never truly get
“caught up” with infrastructure repair. It will be a continual on-going effort.
Additionally, due to larger vehicles, bridges often get damaged from vehicle impacts.
These types of low to medium velocity impact damage and the repair systems have been
studied by numerous people and groups. One type of system repair that has been studied
is the use of a layered epoxy, glass fiber and honeycomb system to “patch” over damaged
concrete bridge areas. This idea has been studied by multiple people and has been
proposed for beams, columns, and girder repair for concrete structures. The idea of a
layered composite repair has been proposed for both low-impact and high impact velocity
repairs. Within the aircraft industry, damage to structures is also often from both low
impact and high impact velocities. Airplanes and other aircraft are extremely susceptible
to damage and stress oftentimes, by means of low impact and high impact stresses and
fatigue. It is common knowledge that composite materials have been used in the past and
present to repair and prevent impact stresses and damage. This type of repair is less
costly than removing the structure and re-building it. This same idea and system can be
used for additional protection of nuclear tanks instead of building large, costly, concrete
structures around them.
A composite material is basically individual products combined together to form a
superior product used for a given condition. More specifically, Safri [2] defines a
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composite material as a combination of two or more materials to create a new material
with a unique combination of properties. The basic concept of a composite system is the
strength and stiffness of the product and is a direct correlation provided by the reinforcing
fiber or fabric, while the rigidity and environmental resistance of the composite is
provided by the matrix [2]. Basically, the structural integrity of the combined mechanical
and physical characteristics and parts is better than the individual parts separately. A
composite system is basically, the Fibers + Resin=Composite. The fibers can be a fabric,
a material, or both or even an individual product. The resin is typically an epoxy or
polymer material or a product that glues or bonds the two materials together. These equal
the composite. Safriet al.[2] states that composite material is composed of at least two
elements to produce a structural material with improved mechanical and physical
properties compared to the mechanical and physical properties of the components
separately. Safri et al. [2] also states that there are three major classes of composites
based on their matrix. These types of composites are described and listed below in Table
1.1:
Table 1.1 -- Classes of Epoxy Composites [2]
Polymer Matrix Composites
(PMCs)
Metal Matrix Composites
(MMCs)

Ceramic Matrix Composites
(CMCs)

PMCS, also known as fiber reinforced polymers
(FRPs) or resin-based composites (RBCs).
MMCs are advanced materials because the material
properties, such as corrosion resistance, high
stiffness and high strength-to-density ratio, and
sometimes special electrical and thermal properties
are combined. This material is progressively used in
the automotive industry, it uses a metal matrix and
reinforcement made of advanced ceramic fibers.
CMCs are used when a material that can sustain
both high temperature service and corrosion
resistance to harsh environments is needed. It uses a
ceramic as the matrix and short fibers or whiskers as
the reinforcement.
4

PMCs are typically used in high impact loading applications. Overall, PMCs
perform best under applications that have multiple strength requirements. PMCs have
excellent mechanical properties, high specific strength, high specific stiffness, high
fracture toughness, increased fatigue life and high corrosion and puncture resistance [2].
Properties that are often improved for resistance of high impact loading conditions by
using a PMC are as follows: strength, weight, stiffness, wear resistance, corrosion
resistance, fatigue life, thermal conductivity and acoustical insulation [2]. In this
research, we will look at how a PMC can improve resistance to high impact velocity to a
stainless-steel tank (panel) and how it may be used in today’s engineering industry.
Additionally, a retro-fitted system may be able to provide additional protection from
extreme weather are to resist impact loading from wind-borne debris. Can a reliable
formula and relation between compressive strength of a system, calculated critical kinetic
energy from perforation and deflection be determined?
Many studies have been performed to determine the critical kinetic energy or
ballistic energy, on concrete structures [3]. Many of which were conducted to provide
better data on military components during war-time efforts and the military’s interest in
protective barriers [3]. This has mostly been studied in the last several decades, in
relation to how impacts on honeycomb systems are affected over concrete structures.
What about steel structures? In general, it is known metals absorb energy in elastic and
plastic regions and composite laminates mostly absorb energy in elastic deformation as
stated by Safri [2]. Generally, many composites are mostly brittle in nature, they can
absorb energy in elastic deformation [2]. Can a composite of metal and laminates absorb
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the energy required to resist puncture or failure from a critical kinetic energy impact due
to wind-borne debris [4]?
Can an economical, retro-fitted, easy to construct system, be applied to a steel
structure, that will protect its original skin from impact damage due to wind-borne debris
be determined or a design process clarified? The complexity of building a protective
layer around existing steel nuclear storage tanks is costly and cumbersome. The ability to
protect the tanks from wind-borne debris with an economical and reliable system has not
been developed. This is a crucial problem and need for resolution, in our society today as
the storms and weather becomes more severe year by year. More specifically, as our
society looks for alternative fuel sources to save on energy consumption and limiting our
‘footprint’ on mother earth, the use of solar and nuclear are expanding. Can the public’s
fear of nuclear power use and consumption be changed? Can the stigma of nuclear
power plants be altered? One way is to reduce the causes of potential failures of leaks to
nuclear storage tanks and add additional layers of protection against failures. This added
protection may help eliminate or reduce the stigma of nuclear power and its potential
catastrophes. Maybe society would be more accepting of nuclear power if the public
knew multiple layers of protection were in place to prevent failures from natural
phenomena.
Natural phenomena pose a severe threat to nuclear operations, as made
abundantly clear by the Fukushima Daiichi accident of 2011. In the United States, the
vast majority of operating reactors are located within regions of high tornado and/or
hurricane probability (see Figure 1.1). An aging nuclear infrastructure must be adapted
to comply with the latest safety requirements, including protection from the projectiles
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unleashed by tornadoes and hurricane winds as defined by several design codes
consisting of the U.S. Nuclear Regulatory Commission Regulatory Guide, the American
Society of Civil Engineers and the Department of Energy design standards. Today’s
nuclear power plants need a more cost-effective and reliable system to protect steel
storage tanks at existing sites. Currently, the specification to protect existing nuclear
steel storage tanks is to construct a substantial concrete wall structure around and above
each tank. These walls are specified to be 8-inches to 12-inches or more in thickness and
need to be as tall or taller than the tank. A system such as this becomes costly and unrealistic due to logistics and constraints. Most of the tanks here in the United States are
un-protected due to these constraints. There is a specific need for a retro-fit system for
steel storage tanks in the nuclear industry and other industries such as gas and petroleum,
to act as a protective system against puncture from critical kinetic energy due to windborne debris. Many of these steel storage tanks can be 27-feet in diameter and up to 35feet in height.

Figure 1.1. Map of currently operating nuclear reactors and hurricane and tornado
regions [5] [6] [7].
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The practice of engineering is largely guided by failures or catastrophic events or
immediate needs in society. Structural engineers, for example, assess each structural
system in terms of the various ways in which it might fail, and their design process
effectively consists of solving for each mode of failure. Engineering for the nuclear
industry contends with extreme cases of failure, due to the relative newness of the
technology, the high level of complexity of the systems involved, and the uncertain ways
in which its failures threaten public safety. Highly politicized, the nuclear power industry
continues to be shaped by disasters and hyperbolic swings in public perception [8]. Most
of the general public is not educated or informed about nuclear power and is typically
scared and opposed to the generation of it near their community [9]. Therefore, any new
technology or system that could heighten the safety of nuclear power would most likely
be welcomed. More generally, any new technology or “systems” of materials that provide
added structural integrity to a steel containment system would be very welcomed in our
society today [10].
All of the nuclear reactors that are presently operating in the United States were
constructed between 1964 and 1977 [5], during the Atomic Age of optimism about
nuclear technology. After the energy crisis that happened in the 1970s, the Three Mile
Island accident brought the already-declining nuclear industry to an abrupt halt, bringing
the construction of new nuclear plants to a standstill that ultimately lasted over three
decades [11].
Each nuclear disaster results in new regulations, including those related to natural
phenomena hazards such as hurricanes and tornados. In general, the latest design
guidelines for both hurricane and tornado wind scenarios define three types of missiles to
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test the impact resistance of structures on site. These design-basis missiles include a small
rigid missile, a long penetration missile, and a large deformable missile, discussed in
more detail in Section 4.1 [12]. The current method of protecting existing tanks involves
the construction of freestanding enclosures, which is problematic in terms of cost,
accessibility, and the permitting requirements of an independent structure [4].
Retrofitting these existing tanks, or any containment tank with exterior exposure, with a
fiber reinforced polymer (FRP) sheathing system could offer a realistic and desirable
alternative to this costly practice. FRPs have found a myriad of applications across the
building industry, but they have yet to be tested for missile impact protection of steel
storage tanks at the scale specified by nuclear regulations or the Department of Energy
Impact Standards. An existing steel tank wrapped in an FRP sheathing system perform
under the Nuclear Regulatory Commission (NRC)’s could impact design guidelines. This
research presents results of this testing.
Despite fearful public perceptions of nuclear technology, nuclear power is a nonpolluting, renewable source of energy, and very well may be an essential component of
any realistic plan to transition our society to renewable energy and curb our carbon
footprint [13]. Recently, the effective moratorium on reactor construction has been lifted
with the issuance of construction and operating licenses to 5 new reactors since 2012 [5].
Recently, there has been slow movement within the nuclear industry to begin
construction of new reactors. While the so-called “nuclear renaissance” has not fully
materialized, the NRC has granted 20-year extensions to the operating licenses of most of
today’s active reactors, extending their lives into the 2030s - 2050s, see Figure 1.2 [5].
How will the existing operating plants keep up with the latest regulatory guidelines as
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well as outlast the tumultuous weather and superstorms that occur today?

Figure 1.2. Permitting and licensing of currently operating nuclear reactors, in
order of initial commercial operation [5].
10

Even if the pace of new reactor construction fails to pick up, there will be existing
reactors in operation for the next four decades. Beyond that, the process of
decommissioning nuclear power plants is long, up to 60 years after the end of operations
[14]. Therefore, the need for a design process to determine efficient structural system to
protect at-risk structures from natural phenomena will prevail throughout this century.
This research will attempt to determine and develop modern, efficient means of
protecting active nuclear infrastructure using FRP’s and could inspire its research and use
for protective measures on other materials such as wood, plastics, concrete and steel.
Today, we have tried and true measures to determine somewhat realistic criteria
for design wind speed of systems and structures, design of government structures for
buildings and how they should be evaluated and designed. These codes are American
Society of Civil Engineers (ASCE) Minimum Design Loads for Buildings and Other
Structures ASCE 7-10 [15] and The Department of Energy (DOE) Protocol 5 DOE
Standard 1020-2012 [12]. These codes have been thoroughly developed and altered over
the years. The DOE 1020 guideline in conjunction with other guidelines, will be used in
our evaluation process and testing and development of a design process.

1.2 Background and Significance

1.2.1 Nuclear Power in the United States
The history of the US nuclear power industry can be characterized by extremes:
utopic hopes for the technology, blanket federal protections for private corporations,
runaway costs, catastrophic failures, and inflated public opposition. This tumultuous
trajectory has resulted in a moment where the nuclear industry is somewhat at a standstill
11

but is also relied upon for current and future energy needs, with its infrastructure at least
four decades old, and its technology even older. Where does this history leave the
progression of this technology?
The nuclear power industry was born when the Atomic Energy Act of 1946
created the Atomic Energy Commission to research peaceful uses of atomic science in
the wake of the high costs of this technology during World War II [16]. Atomic fission,
first developed as a weapon, was also developed into a power source in the hands of the
military. The Navy designed the pressurized water reactor (PWR) in the early 1950s, still
in use today in most nuclear power plants, as a long-term fuel source that could keep
submarines under water for weeks at a time [17]. The Atomic Energy Act of 1954
ushered the civilian nuclear industry into existence and encouraged private corporations
to build reactors. This invitation to the private sector was made available by the PriceAnderson Act in 1957, which capped private sector liability in the event of catastrophe.
Nuclear power thus became the most protected technology in the history of American
industry [10].
As is commonly known, the first commercial nuclear power plant in the U.S.
opened in 1958, four years after the USSR’s first plant. The anti-nuclear movement
emerged the same year, with protests of a nuclear plant at Bodega Bay in northern
California, ultimately succeeding in halting its construction, largely from protest.
Nevertheless, the nuclear industry experienced significant expansion throughout the
1960s and early 1970s. In 1973, the Atomic Energy Commission was so confident in the
industry that it predicted that one thousand reactors would be producing power by the
turn of the 21st century [18].
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Opposition to nuclear power continued, and in 1977 two high-profile anti-nuclear
protests at Seabrook and Diablo Canyon power plants heightened public anxieties. The
1979 meltdown at Three Mile Island brought these concerns to a head, effectively
bringing the construction of new nuclear power plants to a halt, see Figure 1-3 [5]. The
1983 financial collapse of the Washington Public Power Supply System, a public agency
that had pursued the construction of five large nuclear power plants in the 1970s, resulted
in the largest municipal bond default in US history [19].

Figure 1.3. Permits issued to current and forthcoming operating reactors [5].

Despite the lack of reactor construction for three decades after Three Mile Island,
the output of nuclear energy more than tripled during this time. In 2002, President George
W. Bush launched and enacted the Nuclear Power 2010 Program to spur nuclear
construction and infrastructure. Between 2007 and 2009, the United States Nuclear
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Regulatory Commission (NRC) received applications for 25 new reactors. In 2012, the
NRC granted construction and operating licenses to four new reactors at two existing
plants, which were the first permits to new reactors in 34 years [5]. In 2014, $6.5 billion
federal loan guarantees were granted to enable the construction of two new reactors [20].
After the Fukushima Daiichi disaster of 2011, the nuclear industry faces increased
regulation and higher operating costs. Current nuclear operators are interested in efficient
and cost-effective methods of complying with all of the latest safety regulations.

1.2.2 Nuclear Regulations for Natural Phenomena Hazards
In 1974, perceptions that the Atomic Energy Commission was too cozy with the
industries it was charged with regulating, led to its dissolution into two agencies,
separating nuclear commercial power from nuclear research and development: the
Nuclear Regulatory Commission (NRC) was created to regulate the commercial nuclear
power industry, while the Energy Research and Development Administration was
responsible for nuclear weapons and nuclear power R&D, soon thereafter becoming the
Department of Energy [10].
The NRC continues to oversee reactor safety and licensing. Second on its list of
General Design Criteria for all nuclear power plants is the requirement that any
“structures, systems, and components important to safety shall be designed to withstand
the effects of natural phenomena such as earthquakes, tornadoes, hurricanes, floods,
tsunami, and seiches without loss of capability to perform their safety functions” [21]. To
this end, the NRC has issued regulatory guides outlining the design-basis tornadogenerated missiles and hurricane-generated missiles that “a nuclear power plant should be

14

designed to withstand to prevent undue risk to the health and safety of the public” [6].
The same three design-basis missiles apply to both tornados and hurricanes, see Table
1.1, “(1) a massive high-kinetic-energy missile that deforms on impact (an automobile),
(2) a rigid missile that tests penetration resistance (a 6-5/8” diameter pipe), and (3) a
small rigid missile of a size sufficient to pass through any opening in protective barriers
(a 1” diameter solid steel sphere)” [6]. The design code, U.S. Department of Energy,
DOE Standard, Natural Phenomena Hazards Analysis and Design Criteria for DOE
Facilities (DOE-STD-1020-2012), provides general guidelines for Performance Category
3 (PC-3) and Performance Category 4 (PC-4) type structures and how to retrofit them or
prevent them from receiving damage due to extreme storms and severe impact loading.
Once familiar with this guideline as well as ASCE’s 7- guideline, it becomes clear that a
need for a methodology for retro-fitting is past due. The current code requires that
redundant structures or elements that can re-distribute loads when on structural element is
overloaded [12] is required as well as providing missile-resistant walls and roof elements
[12]. Determining a post-installed structural system to account for these two required
elements is key to economical retrofitting of nuclear tank systems or elements as well as
new construction of these facilities and structures.
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Table 1.2 Design-basis missile spectrum for both hurricanes and tornados [6] [7].

The reasoning behind the requirement of a spectrum of design-basis missiles is
that they “provide assurance that the necessary structures, systems, and components will
be available to mitigate the potential effects of a hurricane on plant safety” [7]. The
penetration missile has been identified for study in this investigation, as the other two
missiles (automobile and sphere) are adequately resisted by unprotected steel storage
tanks are not practical for testing purposes [4].
The most recent of these regulatory guides addresses hurricanes and describes the
difference between the hurricane and tornado wind cases: “Because the size of the
hurricane zone with the highest winds is large relative to the size of the missile trajectory,
the hurricane missile is subjected to the highest wind speeds throughout its trajectory. In
contrast, the tornado wind field is smaller, so the tornado missile is subject to the
strongest winds only at the beginning of its flight. This results in the same missile having
a higher maximum velocity in a hurricane wind field than in a tornado wind field with the
same maximum (3-second gust) windspeed” [7]. See Tables 1.3 and 1.4 for a comparison
of the missile velocities specified in each regulatory guide for the penetrating pipe
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missile. The maximum design velocity for hurricane-generated missiles is more than
double the maximum design velocity for tornado-generated missiles, see Tables 1.3 and
1.4. This research tested missile speeds from approximately 76 mph to 92 mph, which
translates to hurricane speeds of approximately 168 mph to more than 190 mph and
tornado speeds of 160 mph to 230 mph. Additionally, the missile will consist of a 3-inch
diameter, 75-pound schedule 40 pipe approximately 12-feet long, which is anticipated to
produce the most damage. These loads and speed meet the design criteria for PC-3 and
PC-4 structures per DOE-STD-1020.

Table 1.3. Design-basis hurricane missile horizontal velocities for schedule 40
pipe.
Vertical missile velocity is 26 m/s (58.2 mph) for all missiles [7]
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Table 1.4. Design-basis tornado missile maximum horizontal velocities for the
schedule 40 pipe.
Vertical missile velocity is 67 percent of the maximum horizontal velocity [6].

1.2.3 Storage Tanks at Nuclear Power Plants
Today and in the recent past, conventional measures of missile protection for steel
storage structures on nuclear sites involve the construction of structurally independent
enclosures around existing tanks. This requires an extensive permitting process and
longer design and construction times, which is time-consuming and costly. As initially
proposed by Gerard et al., a fiber reinforced polymer (FRP) system that could be applied
directly to the surface of existing tanks would greatly simplify this process [4]. It could
expedite the construction process by removing the need to permit a stand-a-lone
structure, requiring fewer materials and resulting in a faster, easier, and more costeffective installation. The ability of this system to be retrofitted to existing structures
makes it practical and flexible in its applications. In addition to extending the life of
existing structures, it could provide rapid protection to tanks constructed to contain
contaminated fluids in emergencies. The same “system” could also be used in the
building industry for structure reinforcement as well as in the transportation industry for
structural systems.
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There are various types of steel storage tanks at nuclear power plants, including
refueling water storage tanks (RWSTs), condensate tanks, and tanks for contaminated
water, such as those that were hastily constructed at Fukushima Daiichi after the accident.
As the NRC describes in a recent Information Notice issued to all plant operators,
“RWSTs serve the dual purpose of supplying water to flood the refueling cavity during
refueling operations and supplying water to the emergency core cooling system and the
containment spray system in emergency situations,” cautioning that “leaks from the tanks
may result in failure to meet the tank’s intended safety function due to loss of inventory,
contamination of soil and or groundwater due to release of tritium to the environment,
and/or damage to safety related equipment due to water spray or flooding” [22]. RWSTs
are classified as safety-related structures and are required to comply with natural
phenomena hazard regulations. Typically fabricated from stainless-steel, these tanks are
found at all pressurized water reactors (PWRs), two-thirds of the reactors currently in
operation. Classified as ASME Class 2 structures for purposes of inspection, RWSTs are
engineered in accordance with the ASME Boiler and Pressure Vessel Code (BPVC)
Section III Division 1 Class 2 Subsection NC Subarticle NC-3800: “Design of
Atmospheric Storage Tanks” [22] [9]. The purpose of this research is to begin to
determine what configuration of a composite, post-installed (retro-fit) system can be
added to existing 5/16” steel storage tanks and to determine if this type of system can
reduce applied energy from wind-borne debris. This research will help guide design
recommendations for the current Department of Energy Standard 1020.
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CHAPTER II

LITERATURE REVIEW

2.1 Projectile Impact Studies
The idea to use FRP systems as an exterior liner to protect steel tanks on nuclear
power sites from missile impact was first proposed in 2015 by Gerard et al., prompted by
a request from the nuclear industry for a system that could be applied directly to the tanks
without requiring the construction of a separate enclosing structure [4]. A dynamic finite
element model of their proposal showed that the GFRP system sheathing on a steel plate
absorbed 6 percent of the total projectile energy [4]. However, no physical tests were
conducted, and a variety of configurations of the components of the system were not
considered, leaving open the opportunity for further study. This type of testing in
accordance with DOE standards is extremely expensive, difficult to test and is available
by limited certified laboratories.
Few studies that assess projectile impact in the context of the nuclear industry
have been published in academic journals due to the expense and limited laboratory
accreditations. Most recently in 2015, Almusallam et al. studied the strengthening effects
of carbon fiber reinforced polymer (CFRP) on reinforced concrete slabs against the
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impact of non-deformable projectiles [23]. After conducting both experimental and
numerical tests, they found that the CFRP sheathing successfully strengthened the local
impact response of the slab. It increased the resistance to critical kinetic energy or the
ballistic limit velocity of the slab by 18 percent, and it increased the slab’s perforation
energy by 56.7 percent [23]. Furthermore, the CFRP sheet reduced the crater damage on
the impact face of the slab and contained flying concrete fragments from the rear face of
the slab [23]. While this study considers CFRP rather than GFRP sheathing, and RC slabs
rather than steel plates, it offers a helpful insight for experimental and numerical analysis.
Gerard et al. reached back into the tome on U.S. Reactor Containment Technology
from the early days of nuclear power – a report developed by Oak Ridge National
Laboratory and Bechtel Corporation for the U.S. Atomic Energy Commission, the
precursor to the NRC – for an empirical formula developed by Greenstreet et al. (1965)
for the critical kinetic energy required to penetrate a steel plate with a steel rod [24] [25]:
𝐷𝑆

𝐸 = 46,500 (16,000𝑇 2 + 375𝑊𝑇)

(2.1)

E = critical kinetic energy required for penetration, ft-lb
D = rod diameter, in.
S = ultimate tensile strength of target plate, psi
T = target plate thickness, in.
W = length of side of square window in target frame, in.
However, for the use of this formula, Greenstreet et al. caution the following ranges of
ratios:
Parameters:
1.
0.1 < T/D < 0.8
2
0.002 < T/L < 0.05
3.
10 < L/D < 50
4.
5 < W/D < 8
5
8 < W/T < 100
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6
7.

0.2 < W/L < 1.0
70 < Vc < 400

L = length of projectile
Vc = critical penetration velocity [24] [25]
All of these conditions cannot be satisfied when studying the penetration missile
specified by the latest regulatory guides against a 5/16” stainless-steel standard tank
thickness per the nuclear and structural engineering industry standard. Six of the seven
conditions will be applicable, but one will not be met, parameter 4. Thus, the use of this
equation is not optimal but may be a good starting point for analysis. Steel panels, 5/16”
in thickness were used in this study.
A decade after U.S. Reactor Containment Technology was published, one of its
co-authors, the Bechtel Power Corporation, issued a topical report on the “Design of
Structures for Missile Impact” to the Atomic Energy Commission [18]. This report calls
upon the Ballistic Research Laboratory formula for steel, also employed by Li et al. [24].
Linderman et al. assert that “an elastic missile impact case is rarely encountered in
nuclear plant design” and recommend for design purposes that “a plastic collision can be
considered for all postulated tornado-generated missiles” [18]. For a plastic collision, the
required target strain energy is:
𝑀2 𝑉 2

𝑠
𝐸𝑠 = 2(𝑀 𝑚+𝑀
𝑚

(2.2)

𝑒)

Es = target strain energy
Vs = missile striking velocity
Mm = mass of missile
Me = effective mass of target during impact
This latter variable, the effective target mass, is given for steel plates as:
𝑀𝑒 = 𝐷𝑥 𝐷𝑦

𝛾𝑠 𝑡

(2.3)

𝑔
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Me = average effective mass of target during impact
Dx = maximum missile contact dimension in the x-direction
Dy = maximum missile contact dimension in the y-direction
γs = weight per unit volume of steel
t = thickness of steel plate [18]
More recently, Aly and Li investigated “the empirical formulae used in
engineering practice to predict the critical perforation energy of metallic plates struck by
rigid projectiles in the sub-ordnance regime” [26]. The sub-ordnance regime corresponds
to a 5 to 500 m/s range of impact velocities on steel [27]. Aly and Li consider various
factors affecting this type of critical perforation energy, including projectile nose shape
and hardness, and plate hardness, thickness, and span. According to their thorough
comparison of a range of formulae, “the SRI and Neilson formulae are recommended for
flat-nosed projectiles with a high slenderness ratio, fitting for this investigation [26].
The SRI formula (1963), for a flat nose projectile:
𝐸𝑐
𝜎𝑢 𝐷 3

2

ℎ

ℎ

𝑤

= 4.150 ( 𝐷0 ) + 0.097 ( 𝐷0 ) ( 𝐷 )

(2.4)

Parameters:
21 < V0 < 122 m/s
10 < L/D < 50
The Neilson formula (1985), for a flat nose long projectile:
𝐸𝑐
ℎ0 1.68 𝑤 0.61
= 1.38 ( )
( )
𝜎𝑢 𝐷3
𝐷
𝐷
𝐸𝑐
𝜎𝑢

𝐷3

ℎ

1.68

= 9.09 ( 𝐷0 )

for

for 4.0 <
𝑤
𝐷

≥ 22.0

𝑤
< 22.0
𝐷
(2.5)

Parameters:
L/D > 13
Where:
Ec = critical kinetic energy of the projectile for
the perforation of a target
23

D = diameter of the projectile
L = length of the projectile
V0 = impact velocity of the projectile
h0 = thickness of the plate target
w = span of the plate target
σu = ultimate strength of the plate target [26]
Aly and Li also investigated critical impact energy for the perforation of metallic
plates and investigated the empirical formulae used to predict perforation of metallic
plates impacted by flat nosed missiles [26]. They observed several formulas and tried to
more accurately predict a realistic formula to be used as a better guide for calculating
critical kinetic energy. As in my laboratory testing, one issue is determining the value of
the perforation or determining the impact velocity at which a missile will cause failure to
a plain steel plate. It should also be noted, that for this laboratory experiment, the
parameters for SRI and Neilson were generally met when we assumed the width of the
panel to be 24-inches.
Missile impacts on both concrete structures have been studied extensively both in
the military applications and engineering applications for decades. An evaluation of the
theorized formulas for critical kinetic energy show that many of the variables are the
same or similar and are just used in a different relationship to each other or configuration.
Over the last 70 years or so, empirical studies were re-initiated to determine impact
effects of missiles on both steel concrete and some of these studies were conducted by
DeMarre (1886), SRI (1963),Kennedy (1976), Ohte et al. (1982), Neilson (1985 and
1993), Jowett/AEA (1986), Wen and Jones (1992), Bangash (1993), Williams (1994),
Corbett et al. (1996) and Q. M Li [26] and Linderman [18]. Many of these studies were
to accurately determine the perforation limit for both concrete and structures from a
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missile test. Other formulas for determination of critical kinetic energy for perforation
have been theorized by other scientist and agencies.
It should be noted that these are just a few studies conducted to theorize
perforation and penetration of concrete and steel and many of the above empirical
formulae are dependent upon the penetration depth. Many of these formulas have been
altered to account for penetration by a flat nosed missile impact. However, none are
entirely accurate or proven. For clarification, we should also note that perforation is
considered as the breakage or total passing of a projectile through a test subject. This is
when the missile has completely passed through the test subject or can be seen by a crack
or hole from the back side. Additionally, it should be noted that other impact energies
such as cone cracking, spalling, cracking, scabbing and plugging are other types of
energies from impact into concrete. These type of energies or potential failures makes it
difficult to accurately determine the value or formula for critical kinetic energy. Q.M. Li
et al. has theorized that the perforation shear failure occurs when the flat nosed missile
becomes plugged [26]. Li theorizes that when it becomes plugged, that it is the
perforation limit and therefore the beginning of the critical kinetic energy for concrete.
Li theorizes the perforation limit for concrete, e, is defined as:
e=G(M, Vo, d, ρ, fc, ft, E, τf)
where:
ρ=density
E=Young’s modulus
fc=unconfined compressive strength
ft=tensile strength
M=mass
Vo=initial impact velocity of a projectile
D=cylindrical projectile shank diameter
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(2.6)

τf=shear strength of concrete [26]
Assuming that Ek=1/2 MVo2 is the kinetic energy of the missile, Li theorized the
required critical impact energy for perforation of concrete to be:
Ecp/fcd3=G(M/ ρ d3, H/d, ft/fc, E/fc, τf /fc)
Where H if the thickness of concrete and the other variables are constants. From
this data Latif et al. came up a new empirical formula based on polynomial equations
from the 3rd order [28]. The general form of a polynomial equation is y=ax^n+bx^n1+..cs+d. Likewise, O’Brasky and Smith also used a polynomial equation for the
penetration of steel, aluminum, and titanium plates. They created a simplified equation,
which theorized penetration at obliquities up to 70 degrees by a non-deforming, rigid
projectile [3]. Their research was conducted to investigate the penetration of armor for
the Naval Surface Weapons Center, Weapons Development Branch, Dahlgren, Virginia.
O’Brasky and Smith performed a data analysis of steel penetration from the data
available at the time of the study [3]. They investigated penetration values of HY80,
HY100 steel and mild steel, aluminum and titanium [3]. It should be noted that it appears
that the composition of aluminum and titanium were in the early formations. This
research appears to be from several decades ago. O’Brasky and Smiths equation
consisted of the following formula for steel and mild steel [3]:
e/d=-1.54+20.18(x) +12.95(x2)2-2.24(x3)3
where:
x=mVLcos2θ/ϭ€d3
where:
e=Target plate thickness
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m=mass of the projectile
VL=Limit Velocity
θ =Obliquity Angle
ϭ=Yield stress of the target plate
€=Strain to Failure of target plate material
d=Projectile Diameter [3]
From all the past studies for critical kinetic energy for steel perforation, from SRI,
Neilson, Greenstreet, and others, the accurate calculation of critical kinetic energy for
penetration of steel appears to be ever eluding and somewhat debatable. What is known
is that all the theoretical formulas use similar constants and variables. Therefore,
indicating that everyone’s thought process is pointing in the same general direction. As it
stands today, these formulas are often referenced and are generally acknowledged by the
industry. In this research, these formulas and values were compared with the laboratory
data.
Liberman’s formula relates measured deflection to load, P, which is a force. We
can also evaluate this equation relative to deflection to compare percent of deflection
results.
Based on theories of these formulas and data from the velocity impact laboratory
testing, can a composite system absorb critical kinetic energy and how much energy can
that system absorb? Can a design process be determined to accurately specify how a
composite honeycomb and fiber-mesh structure should be post installed on existing
tanks?

2.2 FRP Impact Performance Studies
Despite the shortage of available impact studies in a nuclear power context, many
studies have emerged in recent years of the impact performance of various fiber
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reinforced composites. Agrawal et al. provide a comprehensive summary of recent
literature on impact damage of FRP composites [29]. The applications discussed are
primarily from the automotive and aerospace industries. Mohan and Velu propose an
analytical model to study the impact of different projectile noses on unidirectional GFRP
laminates, and largely support their model with experimental results. Their study is
focused on damage area rather than perforation [30].
Corbett et al. offer a review of “recent research into the penetration and
perforation of plates and cylinders by free-flying projectiles traveling at sub-ordnance
velocities,” including both metallic plates and laminated surfaces as targets [31]. They
note that “the possibility of improving the penetration resistance of a target by layering it
with materials having different properties has been known since the late 1800's when
armour plating was first improved by hardening its surface” [31]. While the concept is
old, the science is limited; Corbett et al. caution that the data available regarding the
impact of multi-layered targets is too limited to allow direct comparisons between
experimental results [31].
Broutman and Rotem (1972) issued a technical report discussing the impact
strength and toughness of carbon and glass fiber composite materials for the Air Force
Office of Scientific Research [32]. They show that, while “carbon fiber composites
possess superior stiffness and strength to weight ratios,” they are “quite brittle and have
very low energy absorption capability” [32] They also found that both fracture mode and
energy absorption are functions of laminate plane orientation [32].
What is impact loading? What is the difference between low impact and high
impact velocities? It would seem practical that many products and their applications can
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cross over from low impact velocity uses to high impact velocity uses and achieve
positive results.
There are basically two types of impact loading to test composites and their
material make up: low-velocity impact test and high-velocity impact test. According to
Safri et al. (2014), low-velocity impact tests are impacts within the range of 1-10 m/s [2].
This type of loading is not ideal for composites since it can cause delamination [2]. The
tests that are typically used for low impact testing are the Izod and Charpy tests and the
drop weight test [2]. All three tests consist of raising a known weight and dropping it
from a known height and documenting the composite behavior.
Impact testing usually occurs between two objects thus producing severe damage
[2]. This damage may cause failure of the material being tested. Typically, testing
includes a material with a PMC applied to determine if it will fail [2]. The term above,
projectile, is the object being forced against or into the object with the PMC applied.
Impact is defined as the collision between the projectile and the material with the PMC.
According to Safri et al. (2014), previous research has investigated the penetration and
perforation of Fibre Reinforced Polymer (FRP) laminates using flat-faced, hemispherical
ended, conical-tip and truncated-con-nose projectiles in impact, most on thin laminates,
usually no thicker than 2 or 3 cm. [2]. Impact on thick laminates have been studied by
Aslan et al. and Raju et al. and other factors influencing impact characteristics by Naik et
al. Cantwell et al. and others [33] [34] [35] [36].
Factors that influence or change or alter results and outcomes of impact testing
are the projectile type, shape and mass, projectile velocity, fiber property, fiber
orientation and make-up, specimen thickness, and epoxy properties and projectile impact
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condition concerning the impact angle and the relative hardness and diameter of the
projectile to the impact specimen [2]. The relationship of all these characteristics is
different for tests conducted in a laboratory. The possible variations of testing conditions
and scenarios are vast and diverse. According to Safri et al., Naik et al. investigated the
impact behavior of two-dimensional woven fabric of plain weave E-glass/epoxy and twill
weave T300 carbon/epoxy composite and determined the ballistic limit is higher for Eglass/epoxy than for T300 carbon/epoxy [2] [35]. For this research a glass fiber material
was chosen in hopes to achieve better results. Additionally, one can only speculate that
the thickness of the strata or composite system had an effect on testing outcomes. We
know from Cantwell et al. [35] testing that composite thickness affects the fracture mode
during testing and we know from Gellert et al. [37] that the energy absorption in thin
GRP systems is independent of projectile nose geometry. This should be investigated
more based on visual observations of impact testing with a flat, open-faced tube on
honeycomb epoxy composite systems as shown in my sketch on SK-01 in Appendix A.
However, Shaktivesh et al. studied how the thickness is relative to energy absorption and
found that the sum of the energy absorbed from impact testing, increases as the specimen
or composite system increases [38].
Over the decades, many have performed research on glass fiber composites,
honeycomb panels sandwiched with both paper and metallic materials, foam, epoxies and
resins etc. Some have tried to predict the failure of the behavior of the honeycomb
material. Many studies have been performed on low-velocity impact on composite
systems and honeycomb structures. Based upon Petrescu et al. [39], the following
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research has been performed; all of which has some relative relationship to our study
within:
The crushing phenomenon of specimens made of Nomex aluminum alloy and
paper under compression was studied and was determined that it can be related to springs
in a non-linear fashion [39]. The same for similar systems made of carbon epoxy skins
with multiple plies was determined to behave in the same non-linear fashion [39]. As
stated by Pestrescu, et al., similar experimental tests were presented by Yamashita and
Gotoh, which determined the effect of the cell shape and honeycomb thickness [39]. A
relationship between the crushing behavior of honeycomb and simulation parameters was
suggested by Griskevicius, et al., for structures with sandwiched honeycomb materials
under dynamic loading [3]. Finite element modeling was also analyzed. More relative
was a study performed by Wang, et al., on impact behavior and energy absorption of
honeycomb structures with paper core and paper skin to show a thought process of design
optimization for material selection [24]. Additionally, Wang et al., proposed a threedimensional finite element analysis of a honeycomb system and a rigid impactor that may
have effects on impact damage [24].
More recently, in 2011, Latif, et al., theorized about the development of the
empirical formula prediction on critical impact energy for perforation on concrete
structures [28]. They were also concerned about the protection of vital structures
impacted by wind-borne debris that must be self-protecting in an exposed environment.
This study was focused on the minimum required kinetic energy on concrete structures
impacted by flat-nosed missiles.
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More recently, Kunimoto and Yamada observed that out-of-plane compressive
load of a plain honeycomb core, the maximum compressive load, is determined by a
simple, less complex formula [40]. Also, Wierzbiki, using energy consideration with
other equations was able to predict a mean crushing load [41]. This will be further
discussed in Chapter V.
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CHAPTER III

RESEARCH OBJECTIVES AND MATERIAL COMPONENTS

3.1 Research Objectives
The primary objective of this research is to determine if a glass fiber reinforced
composite honeycomb, layered, post-installed system will provide additional protection
to a steel tank (scaled model using a steel sheet panel) from wind-borne debris and reduce
critical kinetic energy. Secondly, the objective is to provide recommendations to the
current design standard for nuclear steel storage tanks within the code, Department of
Energy Standard 1020. Lastly, this research will perform laboratory testing on 5/16” test
panels with various configurations, using the DOE standards, to predict or calculate
resistance to critical kinetic energy and compare to existing accepted equations. Can
Gerard’s [4] theory be validated that a honeycomb sheathing protection system be
beneficial to preventing penetration of a rigid steel plate and reducing absorbed energy by
6 percent? How much energy can a system of honeycomb, epoxy, and glass fiber
reinforced polymer absorb? Can the honeycomb system absorb enough energy to prevent
puncture? Which formulas for critical kinetic energy are most accurate? Can a design
process for a honeycomb structure system be determined based on the laboratory testing
and experiments? Can a finite element analysis verify the testing and theory?
Additionally, can a realistic, more accurate empirical equation for critical kinetic energy

33

of steel be determined? From impact testing and composite data, can a theory to design
and calculate energy dissipation of composite system of GFRP and a honeycomb stratum
be determined?
In order to achieve the objectives of this research several phases of laboratory
investigation were performed. First, a test on samples of the honeycomb and epoxy and
glass fiber reinforcement systems was performed at The University of Alabama in
Huntsville (UAH) to determine the load verses displacement measured by compressive
loading and to attempt to predict the amount of absorbed energy under the forcedisplacement curve. The epoxy material was carefully chosen for several factors:
availability within the industry, ease and workability of the material, costs and
performance. The fabric was selected due to its two-dimensional strength, availability
and workability. The honeycomb material, weight and dimensions were selected because
of its ability to be molded along a curved surface of a radiused steel tank. Displacement
was measured with linear variable differential transformer (LVDTs) and a graph versus
load was developed based from several points. The tests conducted were 4”x4”
compression panels and 16”x16’ pipe indention panels. These dimensions were selected
for proper scale and dimension for the testing apparatus. The compression panels were
tested to quantify the material properties of the composite, i.e. the epoxy, glass fiber, and
honeycomb. For a detailed layout of the panel lay-up see SK-01 in Appendix A. Beyond
the compressive strength and deflection, loading verses deflection of the compression
tests can be used to identify the amount of energy that can be dissipated by each layer of
the composite system (single (Series 2), double (Series 3), and triple (Series 4)
honeycomb) by graphing the values and determining the area under the curve. Series 1
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was a plain, un-reinforced panel. The pipe indention panels were tested to understand
how the layers of honeycomb affected the interaction of the glass fiber reinforcement and
epoxy with the projectile pipe. For the 4”x4” compression tests, two sets of samples were
prepared using 1/8” cell and ¼” cell aluminum honeycomb. The sizes of honeycomb for
this testing was chosen as one size larger and smaller than the tested 3/16” cell to provide
additional data with two sets of tests and ease of interpolation. The panels were made
according to my recommended design and lay-up using HJ3’s epoxy manufacturer
recommendations for application of the epoxy and layered according to the Sketch SK-1
located in Appendix A.
Second a laboratory investigation at Texas Tech University (TTU) was
conducted. Testing was composed of stainless-steel panels since this is the type of
material readily used in real nuclear steel storage tanks. A plain stainless-steel panel and
stainless-steel panels with composite layered systems were tested using the Department
of Energy standard test method, DOE-STD-1020. At TTU, projectile testing in
accordance with DOE Protocol 5 DOE Standard 1020 on four (4) different series of steel
fabricated sheet panel samples that are 5/16-inch in thickness and non-curved (flat). Flat
panels were choses for proper laboratory attachment to the steel frame. This data will be
analyzed and compared to theoretical data and empirical formulas to determine if such
system provides additional protection and if further research is warranted. Additionally,
the glass fiber fabric used will be a bi-axial fabric material, using multi-layers, thus
removing the unknown for plane orientation see SK-01 in Appendix A.
Next, a finite element modeling analysis was performed on a ¼” density sample.
These processes and laboratory test are discussed in section 4.2 in detail.
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Lastly, a comparison of Linderman’s equation [18] is used to compare deflection
of the plate to potential absorbed critical kinetic energy which provides an estimation of
the absorbed energy for the plate based on measured deflection due to impact. A
comparison of deflection is appropriate to make a correlation between the laboratory
testing and an available empirical formula for validation.

3.2 Material Components
3.2.1 Fiber Reinforced Polymers
Fiber reinforced polymers (FRPs) are composite materials consisting of a polymer
matrix reinforced with fibers, often glass or carbon. Like nuclear energy technology, the
development of FRPs was spurred by military applications. Fiber reinforced polymers
were first developed for commercial use by the aviation industry in the 1930s, but “not
until World War II did synthetic materials gain wide application” [42]. “Annual
production of synthetic materials in the United States nearly tripled between 1940 and
1945” for military uses that included “even the atom bomb,” and “wartime needs also
stimulated development of the plastic material later popularly known as fiberglass” [42].
The postwar proliferation of synthetic materials coincided with the expansion of the
nuclear power industry, but FRPs have since enjoyed broader use and development than
nuclear technology [42]. By the late 1970s, just as nuclear power began to fall out of
favor, polymer production was surpassing steel production worldwide [42].
Glass fiber reinforced polymer (GFRP), also known as fiberglass, is a lightweight
but strong material with myriad applications. It has found widespread use “in aerospace,
automotive, marine and construction industries due to their inherent advantages over
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conventional metals,” including the combination of low weight and high strength and
stiffness [43]. While not as strong and stiff as carbon fiber reinforced polymers (CFRPs),
GFRPs are less brittle, and “their relatively high strain at failure values are more
beneficial for kinetic energy absorption than the high tensile strength of carbon fiber
reinforced systems” [4].
Individual glass fibers are strong along their axis, in both tension and
compression, but weak in shear [44]. In order to resist normal impact, a threedimensional fiber arrangement would be expected to perform better than a twodimensional arrangement. Alternatively, some reinforcement in the z-direction, such as
stitching, could contribute strength in the axis of impact [45]. Lamination of sheets with
different orientations of fibers could also contribute to the material’s impact resistance
[31]. Adding a layer of “cushion” material to absorb impact, such as a honeycomb
material would also be beneficial. In this study, we used multiple layers on each panel,
both at the tank surface and on the exterior of the honeycomb surface. Essentially, the
honeycomb was sandwiched between layers of the glass fiber material. See Appendix A,
SK-1 for the three (3) series of layup patterns. The honeycomb was place at 90 degrees
from each layer and was covered with the glass fiber material and epoxies. SK-1 gives
detailed information on assembly. We tested a plain panel and three panels with
arrangements of a single, double and triple layers of GFRP, honeycomb core and epoxy,
to potentially resist impact loads. This study used a test specimen by HJ3 Composite
Technologies, LLC called Carbonseal Glass Reinforcement for Steel Tank Repair (CSLST-514-GF), see Attachment 1 for the data sheets. This product is a high strength uniaxial glass fabric used in conjunction with CarbonSeal approved saturating polymers.
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3.2.2 Honeycomb
In this research, the 3/16” density honeycomb material selected was Plascore
PAMG-XR1-3.1-3/16-10-N-5052, see Certificate of Conformance, Attachment 2 for
properties. This material was available for purchase from Plascore Inc. and was
physically, suitable for the use and installation procedures due to its ability to be molded
over curved surfaces, including the radius of a steel nuclear storage tank. Laboratory
testing used a flat plate for proper of attachment to the frame. It was also selected
because of its weight and dimensions. This material has a cell size of 0.187 inches and a
measured density of 3.19 lb/cu.ft (i.e. 3/16” density honeycomb). This sheet is estimated
to add additional strength in force (lb-ft, N) as well as in shear strength (psi, n-m^2).
Additionally, according to Gerard et al., the honeycomb should be spaced sufficiently far
from the host tank wall such that it can be engaged and fail in tension before the
projectile impacts the steel tank wall [4]. To achieve a variety of sufficient distances,
three different heights or layers were tested. Thus, according to Gerard, it is this reason
that the outer layer of glass fiber reinforcement is applied directly to the honeycomb core,
See SK-1 In Appendix A [4]. Theoretically, also according to Gerard et al., if sufficient
spacing or thickness is provided by the honeycomb core, the honeycomb will be required
to provide relatively little energy absorption to the system, thus proving that the glass
fiber reinforcement is doing most of the work by absorbing the projectile impact [4].
Gerard assumes that the honeycombs primary purpose is to space the outermost fiberglass
laminate far enough away from the tank that it may assume or absorb most of the
systems’ energy absorbing duties [4]. His theoretical dynamic finite element model
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showed that his theoretical “system” absorbed an estimated 6 percent of the projectile
kinetic energy. Can the percentage of energy absorption be determined?

3.2.3 Epoxy
There are many documents and research on epoxies and their use, strength,
durability, etc. For this research, we have selected the epoxy provided by HJ3 Composite
Technologies, LLC that correspond to the overall system provided by Carbonseal
Industrial Composite Systems. The tank sample was prepared and primed with
Carbonseal Primer CSL-ST-200 for steel tank repair to promote high bond adhesion
between a metallic tank substrate and the tested materials. The glass fiber fabric,
Carbonseal reinforcement for steel tank repair CSL-ST-514-GF was saturated in
Carbonseals Saturant for steel tank repair CSL-ST-400. The honeycomb was adhered to
the fabrics with HJ3’s Carbonseal tack coat CSL-ST-350. This layering was used on
three reinforced Series panel systems. The materials cut sheets are attached in
Attachment 1. A study of the epoxy and honeycomb material was conducted in the
laboratory on samples of the same systems to determine the displacement based on load
and to determine if a correlation can be made between deflection and critical kinetic
energy. Each sample was created and assembled as originally described in the high
impact laboratory testing. A series of samples using ¼” honeycomb cells (1/4” density)
and 1/8” honeycomb cells (1/8” density) were tested under a continuous load and
displacement was measured. These densities were selected due to their availability,
therefore for our analysis, these values that are measured and observed. The results will
be averaged to correlate back to the 3/16” density honeycomb material tested in the lab at
TTU. Testing was performed on single (Series 2), double (Series 3) and triple (Series 4)
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layers. This method is described in section 4.2. Lastly, a finite element model (FEM) of
a similar composite system was created in Abaqus Ver. 6.8-4 and evaluated.
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CHAPTER IV

TESTING METHOLODOGY AND DATA

4.1 Testing Methodology and Procedure
Of the three types of missiles guiding the design of nuclear structures, two can be
withstood by steel storage tanks without additional protections; only the penetration
missile poses a threat [4]. As discussed in the design standard for DOE 1020, the other
two missiles not in question or tested are 1. A vehicle 1. A 6-inch diameter sphere. This
project will evaluate this case, endeavoring to design a GFRP system capable of reducing
the impact energy of the penetration missile on the stainless-steel tank it encloses. This
system will be a post-installed system on a steel sheet (test specimen) of stainless-steel
consisting of GFRP, a hexagonal core fabric (honeycomb core), epoxy and saturants for
attachment to the steel. Collectively called a “GFRP and honeycomb core system”,
otherwise known as the post-installed “system”.
Objectives:
a.

Through physical testing to be performed in one of the few accredited
laboratories in the United States, the TTU laboratory at the National Wind
Institute under my direction and the supervision of Mr. Larry Tanner, P.E.,
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this research will attempt to determine whether a GFRP and honeycomb
core sheathing system can add protection to a steel panel from excessive
deflection and critical kinetic energy, by the design-basis penetration
missile specified by federal regulations of the nuclear industry using a 75
pound, 3” diameter, schedule 40 pipe per the DOE standard 1020. Design
wind speeds will be tested using the design-basis tornado missile
velocities [6]. This testing will be conducted with missile speeds between
76 and 92 mph which is approximately 168 mph to 190 mph for NRC
hurricane speed and 160 mph to 230 mph for tornado speed. The pipe
length is 9’-11.75” and the distance from the test Sample Series to the end
of the barrel is 17’-0”. Dimensions and speeds met the guidelines of the
DOE 1020 standards.
b.

Testing of various configurations of the GFRP sheathing system, to
validate the hypothesis that a honeycomb composite system is beneficial
for protecting storage tanks, using a system of products consisting of a
honeycomb material and epoxies, and determine the most effective
configuration of the system and if this system can absorb 6 percent of the
critical kinetic energy to the panel or tank surface. This research is
proposing one full day of testing using layers of GFRP, epoxies, and a
cellular core material consisting PAMG-XR1-3.1-3/16-10-N-5052 Plascore
material purchased (3/16” density) from Advanced Custom Manufacturing,
located in Chino, CA. The specific material and the properties can be seen
on the data sheets in Attachment 2. To mimic a reinforced tank wall, four
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(4) scaled sections of stainless-steel tank (A304) provided by Sanco Metal
Fabricators, LLC will be used that are 4-foot by 4-foot square by 5/16”
thick, stainless and assembled for testing purposes. These panels were not
arched or convex like a tank wall. A flat panel was chosen since the radius
of curvature of a full-scale tank is approximately 27-feet and a small scale
of 4-feet would almost be flat. This size panel and shape (flat) will fit
within the laboratory constraints. Additionally, a flat panel compared to a
convex panel is more conservative since an arched panel will act more rigid
under load. Product data sheets are located in Attachment 3. The scaled
models, Series 1-4, will be constructed in accordance with the plans on
sheet SK-1, see Appendix A. This size was chosen so that it would fit
within the laboratory dimensional constraints and would be able to be
properly secured for impact testing. The Glass Fiber Reinforced polymer
used, was donated and installed by HJ3 Composite Technologies, LLC
located in Tucson, Az. The product used were as follows:
CarbonSeal Primer Coat Epoxy for Tank Repair (CSL-ST-200)
CarbonSeal High Modulus Past for Tank Repair (CSL-ST-350)
CarbonSeal Saturant Epoxy for Tank Repair (CSL-ST-400)
CarbonSeal Glass Reinforcement for Tank Repair (CSL-ST-514GF)
This glass reinforcement is a high strength uni-axial glass fabric used for
strengthening steel and concrete. At TTU, the laboratory testing will
attempt to determine the following:
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c.

Assess whether this type of post-installed “system” on a stainless-steel
panel can absorb enough kinetic energy to prevent penetration of a typical
5/16” stainless-steel nuclear storage tank.

d.

Calculate the projectile kinetic energy of the un-reinforced stainless-steel
sample, Series 1, 2, 3 and 4 using the data measured in the laboratory and
using a variety of empirical formulas from the literature review, attempt to
calculate the critical kinetic energy.

e.

Develop recommendations toward the design of an effective post-installed
missile protection system.

f.

Compare the equations of critical kinetic energy to the laboratory data and
research.

g.

Compare the laboratory data from TTU testing, UAH testing and
empirical formulas to determine the load verses displacement graph and
determine the area under the curve to obtain the energy absorbed.

h.

Determine the values of absorbed energy and how much energy is
absorbed by each layer.

i.

Verify that the theory of a layered honeycomb, glass fiber reinforced,
epoxy system can absorb energy and how much.

4.2 Laboratory Data Testing at The University of Alabama Huntsville
First a series of laboratory testing at UAH was performed on material samples of
the epoxy and honeycomb systems. The tests conducted were 4”x4” compression panels.
The compression panels were assembled in the same manner as the large Series panels
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and were tested to quantify the material properties of the composite, i.e. the epoxy, glass
fiber, and honeycomb. Beyond the compressive strength and deflection capacity of the
composite the tests can be used to identify the amount of energy that can be dissipated by
each layer of the composite system (single (Series 2), double (Series 3), and triple (Series
4) honeycomb). Series 1 is not referenced since, Series 1 was the plain, un-reinforced
panel. Two sets of the 4”x4” compression tests samples were prepared using 1/8” cell
and ¼” cell aluminum honeycomb. Each set consisted of a sample of Series 2, 3 and 4.
The panels were made according to HJ3’s manufacturer recommendations for epoxy
specifications and by the same procedure as the impact panels were made, i.e. two layers
of unidirectional glass fiber at 90 degrees from each other were laid down, then a sheet of
5052 aluminum honeycomb was placed on top of those followed by two more layers of
glass fiber on top of the honeycomb as described previously. For photos of sample
assembly and configuration, see Figures 4.1(a) through Figures 4.1(d) below.
(a)

(b)

(c)

(d)

Figures 4.1(a-d) Photos of 4”x4” laboratory sample assembly
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The second set of tests at UAH were carried out on a MTS 810 servo-hydraulic
load frame under displacement control with a load rate of 0.05in/min. during both sets of
tests (1/4” and 1/8”). Two 2-inch LVDTs were used to measure displacement during the
tests. During the 4”x4” compression tests the LVDTs were placed at opposite corners
0.5” from the sample. Force-Displacement curves are shown in Figure 4.2(a) and
corresponding failure photos shown in Figure 4.2(b) through Figure 4.2(e) for 1/4”
density honeycomb panels. For 1/8” density panels, see Figures 4.3(a) through Figure
4.3(d), respectively as shown below. The photos shown below each figure correspond to
the failure process of the single layer ¼” and 1/8” respectively. Standard compression
platens were used with a square steel plate placed on each to allow for uniform force
across the entire cross section of the sample and to allow for more accurate sensor
placement. Each test was run until densification of the composite occurred. Standard
compression platens were used with a square steel plate placed on each to allow for
uniform force across the entire cross section of the sample and to allow for more accurate
sensor placement. Each test was run until densification of the composite occurred. The
inflections or slopes indicate that the cells are compressing at a different time or rate.
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(a)

Displacement (inch)

(b)

(c)

(e)
(d)

Figure 4.2(a-e) Force displacement curve and photos of failure mode for ¼”
density honeycomb
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(a)

(b)

(d)

(c)

Figure 4.3(a-d) Force displacement curve and photos of failure mode for 1/8”
density honeycomb
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Next a laboratory test was performed on 16”x16’ pipe indention panels. The pipe
indention panels were tested to understand how the layers of honeycomb affected the
interaction of the composite panels with the projectile pipe. The 16”x16” indention
panels were made using 1/8” cell aluminum and the lay-up was the same. During the
16”x16” pipe indention test, the two LVDTs were placed opposite each other 3.25” from
the center of the specimen (1.5” from the edge of the pipe). Four strain gages were placed
on a perpendicular line to the LVDT placement (i.e. two on each side of the pipe) they
were at distances of 2.0” and 5.0” from the center (0.25” and 3.5” from the edge of the
pipe). Figure 4.4(a) shows the load displacement curves from these tests. Figure 4.4(b)
shows the test set up for the 16”x16’ pipe indention tests and Figures 4.4(c-e) show the
failure of the single layer panel. A standard compression platen was used on the top with
a steel plate to prevent slipping of the pipe on the plate. To hold each specimen a flat
steel sheet was placed in the lower grip to mimic a steel tank wall. Angles were welded
on to two parallel sides to aid in maintaining the location of the sample during testing.
The other two sides were left open. The pipe used was placed in the center of the panel
and the load was applied axially until densification had occurred. For all tests a NI-PXi
system was used to record and synchronize the data from all sensors.
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(a)

(b)

(c)

(d)

(e)

Figure 4.4(a-e) Force displacement curve and photos of pipe indention test for
GFRP and epoxy
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The sandwich panels can be subjected to out-of-plane compression that could be a
result from hydrostatic pressure, collision and concentrated heavy loads due to missile
impact. Due to such loading condition, thin-walled structures like honeycomb core
material can suffer deformations which are considerably larger compared to the wall
thickness, and the walls may contact and fold due to compression buckling. In such
cases, the evaluation of the safety of the panel is by utilizing a method based on energy
absorption capacity. This approach can estimate the magnitude of the deformation by
calculating the work absorbed which should be equal to the initial kinetic energy of the
missile. It is crucial to understand the crushing strength characteristics of the honeycomb
panels. A series of out-of-plane compression tests on two different honeycombs type with
cell size density of ¼ “ and 1/8” with 1, 2 and 3 layers of cores as described in Table 4.1
and Figure 4.5, were performed and the results are presented in Figure 4.2(a) and Figure
4.3(a) which show the load versus displacement curves obtained for the test specimen
under crushing load. After reaching the maximum load, the panels unload rapidly because
the walls of the cells in the core buckle and are partially folded. After the increase in
deformation, an increase in the force is observed which is due to the folded walls
encountering the adjacent ones. This response appears repeatedly until the walls of the
honeycomb core cells are completely folded. This trend is clearly observed for the triple
layer test specimen. Meanwhile, due to the small wall thickness and the height of the core
for the other samples, this trend may not be observed clearly. Based on the results, it
appears that the height of the honeycomb core is not a critical variable on the behavior of
honeycomb sandwich panel under out-of-plane compression loading. On the other hand,
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as expected, the consistency of the manufactured wall thickness and the size of the cells
for the honeycomb core affects the strength of sandwich panel under crushing loads.
Table 4.1 Core dimensions
Specimen

Material

Cell size

Wall Thickness (tc)

Height per layer

(S)

(mm)

(hc)

(mm)

(average)

(mm)

¼” HC panel

Al- 5052

6.25

0.07

12.5

1/8” HC panel

Al- 5052

3.25

0.068

12.5

Figure 4.5 Honeycomb core unit and dimensions [48]
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4.3 Finite Element Analysis Modeling at The University of Alabama Huntsville
Next a series of testing/analysis was performed in the laboratory at UAH using
the program, Abaqus, one of few available and capable programs, to model and simulate
the honeycomb core under out-of-plane compression. A model using the ¼” density
honeycomb was input and analyzed under compression and compared to the actual
compression results. The comparison of the results show good agreement. This is
discussed more in Chapter V.

4.4 Laboratory Data Testing at Texas Tech University
Impact Testing was performed in accordance with Department of Energy (DOE)
Protocol 5 DOE Standard 1020-2002. For specific testing information see Test Report
Investigation of Wind Projectile Resistance of the DOE Protocol 5 in Appendix B. All
testing was performed under my direct supervision and performed in the accredited
laboratory of Texas Tech University National Wind Institute Debris Impact Facility run
by Mr. Larry Tanner, P.E. and his certified staff. The testing consisted of four (4) series
of scaled samples. The scaled samples were carefully chosen in order to accommodate
laboratory constraints in size and shape for support and attachment. Being able to move
these panels was also critical for set up and changing of each Series into the tunnel for
testing. Additionally, the panels were flat and not curved, as typical for a tank surface. A
flat panel was chosen since it is a more conservative sample for penetration purposes. It
will provide less resistance to impact. Additionally, the attachment to a support frame is
easier to support than a curved surface. The panel frame was attached to the structural
steel frame with C-clamp and was tighten down hand-tight. The attachment was
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assembled in the same direction as the applied load. It should be noted that the
laboratory testing frame is an existing structural frame and meets accredited testing
laboratory guidelines. These conditions were discussed with Mr. Larry Tanner, P.E. to
make sure the laboratory could support the conditions proposed. Series 1 consisted of (1)
4-ft. by 4-ft. x 5/16-in. grade 304 stainless-steel sheet mounted on a 4-ft. by 4-ft. frame of
3-in. by 3-in. x ¼ HSS with ¾” x 3-in. grade 5 bolts, four per side. This steel sheet was
plain, un-reinforced when tested (no epoxy or fabrics were added).

Figure 4.6 Photo of series 1-before testing
The steel sheet and frame were the same for all four series samples. Series 2
consisted of an initial cleaning the steel sheet with CarbonSeal primer for steel tank repair
(CSL-ST-200), then saturating the CarbonSeal glass reinforcement for steel tank repair
(CSL-ST-514-GF) with the saturant and placing the CSL-ST-514-GF vertically, then an
additional layer of the CSL-ST-514-GF placed horizontally. Each layer of glass fiber
reinforcement was saturated with CarbonSeal saturant for steel tank repair (CSL-ST400). Next the tack coat, CarbonSeal tack coat (CSL-ST-350) was applied and then the
54

honeycomb material, plascore PAMG-SR-3.1-3/16-10-N-5052 was laid on top of the
glass reinforcement. Then additionally layers of the glass fiber reinforcement were
placed vertically and horizontally on top of the honeycomb for a total of four (4) layers of
glass fiber reinforcement and one (1) layer of honeycomb material.

Figure 4.7 Photo of series 2-before testing
Series 3 had the same assembly of material as Series 2 but after the 4th layer of
horizontal reinforcement, an additional layer of honeycomb was added and then two (2)
additionally layers of vertical and horizontal CSL-ST-514-GF glass fiber reinforcement
for a total of six (6) layers of glass fiber reinforcement.
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Figure 4.8 Photo of series 3-before testing
Series 4 was assembled in the same fashion as Series 3 with an additional layer of
honeycomb, making it (3) layers of honeycomb material and eight (8) layers of glass
fiber reinforcement.

Figure 4.9 Photo of series 4-before testing

Sketch SK-01, in Appendix A pictorially shows how each Series was assembled
and the direction of the glass fiber reinforcement. The honeycomb, glass fiber
reinforcement and epoxy materials were install by Olley Scholer of HJ3, Inc., a certified
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materials installer and performed under my direct supervision. The steel storage tank
conditions is a scaled model (4-feet by 4-feet) after an existing refueling water storage
tank (RWST), as documented in an evaluation report for the South Texas Nuclear
Operating Company. This report notes the dimensions and properties of the tank and
verifies that it complies with ASME Class 2 requirements [47]. The stainless-steel tank
properties were as follows:
Tank properties:
•

Material: stainless-steel [SA 240 Type 304]

•

Thickness: 5/16”

•

Size: 4’by 4’

A specification sheet of the steel material is in Attachment 3.
The Nuclear Regulatory Commission (NRC) regulatory guides for tornado and
hurricane missiles both specify that “the barrier design should be evaluated assuming a
normal impact to the surface for the automobile and Schedule 40 pipe (6.625-inch
diameter) missiles” [7]. The pipe missile as specified by the NRC was launched to attain
an impact velocity as close as possible to the maximum design-basis missile velocity.
According to the Department of Energy another suitable method of test would be to use a
schedule 40 pipe 3-inches in diameter at 75 mph [12]. This test is more practical for
laboratory testing and was used in testing.
The GFRP sheets were laid over a cellular core substrate, which provides spacing
from the surface of the steel tank. According to Gerard et al., The GFRP layers should be
“spaced sufficiently far from the host tank wall such that it can engage its ultimate strain
and fail in tension before the projectile impacts the steel tank wall” [4].
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GFRP system properties:
•

fiber-reinforcement: glass

•

cellular core adhesion method: epoxy adhesion

The first test consisted of installing Series 1 panel on the laboratory steel frame
and securing it to the steel frame with c-clamps at all four corners. Series 1 was impacted
or “shot” three times, once in the center, the bottom left and the top right with the
following respective velocities 76.3 mph, 91 mph and 92 mph. These locations were
strategically chosen to achieve more than one shot per panel. It should be noted that the
variation of the velocity was due to the pressure variation of the laboratory cannon. The
deformation or deflection of the panel was measured from the backside and from the
vertical original position at the center point of the impact. The summary of each shot is
listed in Table 4.2. Each panel was attached to the laboratory frame and tested at various
velocities and locations on the panel.

Figure 4.10(a) Series 1-post testing
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Figure 4.10(b) Series 1-post testing after impact #2
Series 2 was tested at the center only, due to limited laboratory availability.
During testing, the pipe pulled off the layer of honeycomb and epoxy when the pipe
bounced off the panel. This can be seen, as the layer of GFRP and epoxy is on the floor
in Figure 4.11(b).
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Figure 4.11(a) Series 2-post testing

Figure 4.11(b) Series 2-post testing after impact
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Series 3 was tested at the top right and center. It should be noted that when the
pipe bounced back off of the panel, it pulled the layers with it to some extent. This can
be seen below in the photos. The bounce back and movement of the panel may indicate
that the frame is possibly absorbing some of the energy that would go into the tank wall
system.

Figure 4.12(a) Series 3-post testing

61

Figure 4.12(b) Series 3-post testing after impact #1 and #2
Series 4 was tested at the center and bottom left. After testing, you could visibly
see that the deflection was less.

Figure 4.13(a) Series 4-post testing
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Figure 4.13(b) Series 4-post testing after impact #1 and #2
Table 4.2 below summaries the impact velocity, location, and measured
deformation in inches and centimeters for each test of the panel Series.
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Table 4.2 Laboratory test data using DOE 1020 protocol, see Report Appendix E.
Series

Impact

Velocity
(mph)

Velocity
(m/s)

Location
of Impact
shot
Center
Bottom
Left
Corner
Top Right
Corner
Bottom
Left
Corner
Top Right
Corner

Deformation
Results
(inches)
1-16/32
2

Deformation
Results (cm)

1
1

1
2

76.3
91.0

34.1091
40.6806

1

3

92.0

41.1277

2-2/32

5.23875

2

1

89.9

40.1889

2

5.08

3

1

89.4

39.9654

1-27/32

4.683125

3

2

77.0

34.4221

Center

1-29/32

4.841875

4

1

76.7

34.2879

Center

1-6/32

3.01625

4

2

89.9

40.1889

Bottom
Left
Corner

1-10/32

3.33375

3.81
5.08

As can be seen from just an initial observation of the measured deformation, panel Series
and test location, one can see the impact deformation from Series1, Impact 2 and Series
2, Impact 1 is almost the same. It appears that there is almost no difference between
Series 1 Impact 2 and Series 2 Impact 1. Basically, the un-reinforced panel, Series 1, is
essentially the same as Series 2 panel, which has only one reinforcement layer. This may
indicate that not much energy absorption was absorbed using only one layer of the
honeycomb composite material. However, the velocity was higher in Series 1, Impact 2,
which can skew the data. It was tested at approximately 90 mph for a deformation of 2inches.

It is also observed; the velocity is relatively close and the deformation is exactly

the same from Series 1 to Series 2. This also indicates that the one layer of honeycomb,
saturants, epoxies and glass fiber reinforcement may not have provided any significant
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strength to the steel panel and therefore contributes minimal additional capacity to absorb
impact. However, when the deformation from Series 1 and 2 to Series 3 and Series 4
(bold and italicized) is observed, there is an indication that the honeycomb and glass fiber
fabric and epoxy is absorbing energy impact, thus causing a reduction in deformation.
The velocity of the impact of Series 2, Impact 1, Series 3, Impact 1 to Series 4, Impact 2
was basically the same, approximately 89 mph, but had a reduction of deformation from
2-inches to 1-27/32 (1.84375) inches to 1-10/32 (1.3125) inches, respectively. That is a
reduction of 5/32 (0.15625) of an inch by using two layers of honeycomb and a reduction
of an additional 17/32 (0.53125) of an inch by using 3 layers of honeycomb. This is a
total of 22/32 (0.6875) of an inch reduction in deformation from Series 2 configuration to
Series 4 configuration. If Series 1 (un-reinforced panel) is also considered, even at the
slightly higher speed of 91 mph, the overall deformation change, or reduction is still
approximately 22/32 (0.6875) of an inch indicating again that Series 1 and Series 2 are
essentially the same and that the one layer of reinforcing had no significant effect on the
steel panel. If we observe Series 1 only and evaluate the speed/velocity of the impact
compared to the deformation from all (3) impact test, it appears that with each mile per
hour of speed increase that the deformation increases approximately 1/32 (0.03125) of an
inch. From Series 1, Impact 1 to Series 1, Impact 3, the change of velocity was
approximately 15 mph and the deformation was approximately 16/32 (0.5) of an inch,
thus an increase of approximately 1/32 (0.03125) of an inch per mile per hour. If the
same logic is applied to Series 4, we can see that the difference in velocity for impact test
is approximately 12 mph to 13 mph and the change in deformation is 4/32 (0.125) of an
inch over 12.5 mph. This is approximately 4 times less in deformation. It is also noted
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that the average deformation for Series 3 panels is 1-28/32 (1.875) of an inch. The
average deformation for Series 4 panel is 1-8/32 (1.25) of an inch, both over a change in
speed of 12.5 mph. This is significant in that the added extra layers of honeycomb and
glass fiber reinforcement and epoxies noted a change of 23/32 (0.71875) of an inch from
Series 3 to Series 4, thus indicating that the glass fiber system for these Series is
performing by absorbing energy and decreasing deformation. Comparing Series 1,
Impact 2, the un-reinforced panel, to the most reinforced panel, Series 4 Impact 2, at
approximately the same velocity (91 mph and 89.9 mph) the overall deformation
difference is 22/32 (0.71875) of an inch. If we evaluate the deflection of each series in
relation to velocity (trying to only look at the approximate velocity of 89-90 mph), we
observe that the deflection change decreases as follows:
Table 4.3 Percentage change of deflection based on average velocity and
deflection
Series
Series 1
Series 2
Series 3
Series 4

Velocity (mph)
91
89.9
89.4
89.9

Deflection (in)
2
2
1.84375
1.3125

Percentage (%)
0%
9.2%
59%

This appears to indicate that the composite honeycomb, glass fiber reinforcement and
epoxy is absorbing energy and it may indicate the approximate percentage of energy
absorption. It also appears that Gerard’s theory of absorption may be valid, and that the
honeycomb composite system is absorbing approximately 9.2 percent up to 59 percent
change in deflection.
To compare the measured deflection to an empirical formula, Linderman’s
equation [18] was used. This equation is a correlation between and deflection and load,
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P, using the formula of a simply supported rectangular/square flat plate and is given
below.
ym=k1 Pa2/Et3

(4.1)

where the following are defined:
a=minor length of rectangular plate, (m, in)
b=major length of rectangular plate, (m, in)
P=Concentrated load, (N, lbs)
v=Poisson’s ration
E=Young’s modulus, (N/m2, lbs/in2)
t=plate thickness, (m, in)
e=Radius of area with force applied
sm=maximum stress, (N/m2, lbs/in2)
ym=maximum deflection, (m, in)
k1 and k2 are a constant based on b/a. See Table 4.3 below:
Table 4.4 k1 and k2 values for b/a
b/a
k1
k2

1.0
0.127
0.564

1.1
0.138
0.445

1.2
0.148
0.349

1.4
0.162
0.211

1.6
0.171
0.124

1.8
0.177
0.072

2.0
0.180
0.041

3.0
0.185
0.003

∞
0.185
0.000

Since our panel is simply supported and bolted to the steel frame, the plate is considered
to be simply supported. The panel is 42-inches x 42-inches (106.68cmx106.68cm).
Based on laboratory estimated measurements we will assume our radius of area with
force applied (e) to be equal to 24-inches for an unbraced length of 24-inches. This
radius of area was chosen after we visually observed the deflected radius of area of the
steel plate in the laboratory. We took an average over several plate areas and came up
with approximately 24-inches because 24-inches is the unbraced length. We will also
calculate the critical projectile force (i.e. critical kinetic energy) using several equations
as discussed in the previous chapters to compare to the Force (basic kinetic energy
equation) measured from the laboratory data.
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CHAPTER V

APPLICATIONS AND THEORY

5.1 Laboratory Results and Theoretical Uses and Opinion
In general, this research was performed to determine if Gerard’s theory could be
verified that a honeycomb sheathing protective system can be beneficial and add
protection to the exterior of a steel tank (panel) and if so, what should the most optimum
configuration of the honeycomb, GFRP and epoxy for resistance to critical kinetic enery
[4]. Also, this research was to determine if the installed system can absorb critical kinetic
energy to prevent penetration of the panel. During the research, a look at the equation(s)
and history of critical kinetic energy was evaluated. It was determined that a reliable
value and reliable formula is and has been difficult to pinpoint and verify. Several
equations were reviewed, and an analysis was performed. It was realized that the
formulas for critical kinetic energy need a closer review and investigation to accurately
determine the ability of failure to a plain un-reinforced steel panel.
Additionally, throughout the research, it was also realized that this investigation
could be of use in determining whether the formulas for Neilson, Greenstreet, SRI and
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others were of correct theories and coefficients. Non-dimensional variables and validity
for the determination of critical kinetic energy required to penetrate a sheet of steel with a
flat nosed projectile was also reviewed. Also, can Linderman’s load calculation of P be
related to the measured deflection to determine the percentage of reduced load? How
much energy will a honeycomb composite system absorb?
In summary, the following historical formulas are relative to our investigation.
There are other historical formulas of significance but have application ranges that are
not valid for this investigation or are old and undeveloped.
Table 5.1 Historical Formulas for Critical Kinetic Energy [26]
Formula
(name)

Equation for Critical Kinetic Energy
(Ec)

Does the formula meet
recommended Target or
Projectile parameters by
Aly and Li

*DeMarre

Ec= 𝜎𝑢 𝐷3 ∗ a/𝜎𝑢 h00.1*(h0/D)1.5

Does not meet
recommended applications
Not evaluated by Aly and
Li, but analyzed within

Greenstreet
SRI

Neilson

*BRL (SI
units only)

𝐸𝑐 =

𝐷𝑆
(16,000𝑇 2 + 375𝑊𝑇)
46,500

ℎ0 2
𝐸𝑐 = 𝜎𝑢 𝐷 ∗ (4.150 ( )
𝐷
ℎ0 𝑤
+ 0.097 ( ) ( ))
𝐷 𝐷
1.68
ℎ0
𝑤 0.61
𝐸𝑐 = 𝜎𝑢 𝐷3 ∗ (1.38 ( )
( ) )
𝐷
𝐷
3

𝐸𝑐 = 𝜎𝑢 𝐷3 ∗ (

1.44𝑥10^9 ℎ0 1.5
)( )
𝜎𝑢
𝐷
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Meets half Projectile
parameters, meets all
Target Parameters
Does not meet Projectile
parameters, meets 2 out of
3 Target Parameters
Does not meet
recommended application
or Projectile parameters.
Only meets one Target
parameter

*Wen and
Jones

𝜋 ℎ0 2
𝐸𝑐 = 𝜎𝑦 𝐷 ∗ 2[ ( )(( )
4 𝐷
3

𝑤 0.21 ℎ0 1.47
+( )
( ) ]
𝐷
𝐷
*Jowett/AEA

𝑤 0.61

𝐸𝑐 = 𝜎𝑢 𝐷3 ∗ ( 𝐷 )

ℎ

1.74

1.32 ( 𝐷0 )

ℎ

0.1< 𝐷0 < 0.25
*Proposed
Modified
Jowett/AEA

ℎ

1.56

ℎ

0.82

𝐸𝑐 = 𝜎𝑢 𝐷3 ∗ 5.58 ( 𝐷0 )

for

ℎ

0.1< 𝐷0 < 0.25
𝐸𝑐 = 𝜎𝑢 𝐷3 ∗ 1.49 ( 𝐷0 )

for

Does not meet
recommended application,
Does not meet Projectile
parameters, meets 2 of 4
Target parameters
Does not meet
recommended applications,
meets 1 of 2 projectile
applications, meets 1 of 2
Target parameters
Does not meet
recommended applications,
meets 1 of 2 projectile
applications, meets 1 of 2
Target parameters

for

ℎ

0.25< 𝐷0 < 0.64
* These formulas do not meet recommended applications and are not analyzed.
These formulas were evaluated by Aly and Li [26]. Some of these formulas are
no longer used and have been around for decades. All of these formulas with exception of
SRI and Neilson and Greenstreet do not meet the recommended use for critical kinetic
energy according to Aly and Li [26]. The Greenstreet formula was not evaluated in their
study. We have investigated the Greenstreet formula and compared to SRI and Neilson
within this study. It should be noted again that many of these equations have parameters,
that must be met to be valid. The parameters were calculated and only evaluated those
equations that were relevant or close to meeting the required parameters for the
laboratory conditions which are SRI, Neilson and Greenstreet formulas were calculated.
Additionally, Linderman’s equation for deflection, ym, was calculated to determine the
applied load, P based on deflection measured in the lab. SRI and Neilson’s equations for
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energy was also evaluated and calculated. It should be noted that the energy value of SRI
and Neilson is not directly related to the load, P, of Linderman’s formula, but gives good
insight as to the approximate load percentage in force reduction applied to the panels.
See Table 5.2 below.
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1
1
1
2
3
*3
4
4

Series

1
2
3
1
1
2
1
2

Impact

76.30
91.00
92.00
89.90
89.40
77.00
76.70
89.90

Velocity
(mph)
34.11
40.68
41.13
40.19
39.97
34.42
34.29
40.19

Center
Bottom Left Corner
Top Right Corner
Bottom Left Corner
Top Right Corner
Center
Center
Bottom Left Corner

1.50
2.00
2.06
2.00
1.84
1.91
1.19
1.34

3.81
5.08
5.24
5.08
4.68
4.84
3.02
3.33

14,664.39
20,859.20
21,320.16
20,357.96
20,132.14
14,934.69
14,818.55
20,357.96

Kinetic Energy
Deflection
F(lbf)=V
Deflection (cm)
(in.)
Velocity Location of Impact
o=1/2m
v^2
(measured) (measured)
shot
(m/s)
19,789.61
28,149.54
28,771.70
27,473.18
27,168.46
20,154.47
19,997.63
27,473.18

Kinetic Energy
Empirical
(N)=Vo=1/2mv^2

18,147.35
24,196.46
24,952.60
24,196.46
22,306.11
23,062.25
14,366.65
16,257.00

N/A
N/A
-3.03
0.00
8.47
4.92
55.26
48.84
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58.0

8.5

0.0
0.0

Averaged percent
reduction of
Percent
Linderman's Load, P difference in load deflection from
(lb), calculated from (lb) from Series 1 Series 1 to Series 4
(%)
measured deflection Impact 2 (%)

Table 5.2 Linderman’s load (lb) based on deflection ym using k1=0.127 and
averaged percentage of reduced deflection from Series 1 to 4 (*potential anomaly) [18]
[48]

Using the deflection calculated from the kinetic energy equation measured in the
laboratory at TTU and plugging it in to Linderman’s equation for load P, (4.1) for a flat
plate described in Chapter 4 and referenced from www.engineersedge.com [18] [48],
with the constant k1 to be 0.127, the calculated load P for Series 1, the un-reinforced
panel was compared to the reinforced panels. The percent of load reduced for Series 2, 3
and 4 decreased from 0 percent to 8.47 percent to 55 percent respectively, thus indicating
that the honeycombs are absorbing energy and therefore kinetic energy.
Next, the average percentage of deflection reduction from Series 1 to 4 was
observed to be approximately 8.5 percent to approximately 58 percent. Thus, indicating
energy is being absorbed. This is significant in that this system appears to be reducing
load and energy absorbed.
It should be noted that Series 2, the single layered panel results, appears to be
similar to Series 1 and unaffected by the honeycomb system. This potentially indicates
that one layer of reinforcement on a panel under load, may not significantly reduce the
energy absorbed. Additionally, it should be noted that it was visually witnessed and
observed that the supporting frame deflected and absorbed some of the initial impact
energy. Thus indicating that some of the potential absorbed energy may have been lost
during impact and absorbed by the frame apparatus.
More importantly, in general it can be seen the deflections with each added layer
of honeycomb and GFRP and epoxy, is decreasing thus, indicating that this post-installed
reinforcement system can absorb projectile energy. Again, as could be seen during
impact testing, the frame supporting the panels moved and deflected and came back to
initial location, indicating an elastic deflection of the supporting frame system. This
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movement or elastic deformation also indicated that some of the potential critical kinetic
energy was absorbed by the supporting frame. How much of that energy was absorbed
into the frame during impact?
Greenstreet’s equation was also reviewed. From the data results, it appears that
Greenstreet’s formula is far off on the calculation of the realistic force required for
penetration. (See Table 5.3). As noted in Table 5.3 the required force for penetration for
Greenstreet is 1,721 lb-f (1,618 N).
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D, Rod
Diameter, in.
3.00

D, Rod S, Ultimate
W=Length of
Diameter, m tensile
S, Ultimate tensile
side of square W=Length of side of E=Greenstreet critical
strength of strength of plate, T, Target plate T, Target plate window in target square window in target kinetic energy required
plate, psi
Mpa
thickness, in thickness, m
frame, in.
frame, m
for penetration (lb-ft)
0.08
73,200.00
350000000
0.31
0.01
24.00
0.61
1,721.77

Table 5.3 Greenstreet formula for Critical Kinetic Energy

E=Greenstreet
critical kinetic
energy required
for penetration N
1,618.88

Table 5.3 Greenstreet formula for Critical Kinetic Energy
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It should be noted that penetration of the steel panels was not obtained during
testing using a 5/16” thick plate with a force applied much greater that the calculated
value of 1,721.77 lbf from the empirical Greenstreet equation. As noted, the empirical
force that was applied in the lab was approximately 12-18 times greater than the
Greenstreet’s’ calculated value of critical kinetic energy listed above. This force
calculated by Greenstreet’s formula appears to be far off from determining a realistic
Force required for penetration. As noted in Table 5.4 the required force for penetration
for Greenstreet is 1,721 lb-f compared to values of 14,664 lb-f to 21,320 lb-f that were
calculated with the basic empirical formula. Again, we must note that the basic plain unreinforced plate was not penetrated in the lab. Therefore, we know that the force to
penetrate the steel is much larger than the result of Greenstreet’s value. As can been
below in Table 5.4, the differences between Greenstreet and SRI and Neilson are
approximately 91.69 and 90.48 percent respectively. The small difference of 12.77
between SRI and Neilson is a good indication that these two formulas are a closer fit and
are a realistic valid equation for calculating critical kinetic energy of a steel panel.
Table 5.4 Multiple values of Critical Kinetic Energy between Greenstreet,
SRI and Neilson

Critical Kinetic Energy (Ec)
Greenstreet
(LB-FT)
1,721.77
SRI (LB-FT)
20,729.75
Neilson (LBFT)
18,081.81
Greenstreet
(N)
SRI (N)
Neilson (N)

1,618.88
19,490.97
17,001.27

Difference
Between SRI
Differnce Between
and Greenstreet Neilson and Greenstreet Difference Between
(%)
(%)
SRI and Neilson (%)
90.48
91.69
12.77

90.48
91.69
12.77
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A calculation of critical kinetic energy in both SI and English units, using SRI and
Neilson formulas was performed on a 5/16” thick steel plate and thinner, including ¼”,
3/16”, 1/8”, 1/16” and 1/32” of an inch. The results for SRI’s and Neilson’s critical
kinetic are shown below in Table 5.5.
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Vo=impact Vo=impact
su=ultimate strength
D=Diameter L=length of
D=Diameter of of projectile, projectile, L=Length of velocity of the velocity of ho=thickness of
w=span of plate target, w=span of plate of the plate target,
projectile, in. m
in.
projectile, m projectile ft/s projectile in m/s plate, in. ho=thickness of plate, m
in
target, m
psi
3
0.0762 119.75
3.6576
91
27.7368
0.3125
0.0079
24
0.6096
73,200.00
3
0.0762 119.75
3.6576
91
27.7368
0.25
0.0064
24
0.6096
73,200.00
3
0.0762 119.75
3.6576
91
27.7368
0.1875
0.0048
24
0.6096
73,200.00
3
0.0762 119.75
3.6576
91
27.7368
0.125
0.0032
24
0.6096
73,200.00
3
0.0762 119.75
3.6576
91
27.7368
0.0625
0.0016
24
0.6096
73,200.00
3
0.0762 119.75
3.6576
91
27.7368
0.03125
0.0008
24
0.6096
73,200.00

350,000,000.00
350,000,000.00
350,000,000.00
350,000,000.00
350,000,000.00
350,000,000.00

su=ultimate
strength of the
plate target, Mpa

Critical
Critical Kinetic
Critical Kinetic Kinetic Critical Energy
ho=thickness of Energy Ec=SRI Energy Ec= Kinetic Energy Ec=Neilson for
plate, in.
(N) Neilson (N) Ec=SRI (lb) w/D=3 (lb)
0.3125 19,490.97 17,001.27 20,729.75 18,081.81
0.25
14,477.05 11,686.18 15,397.16 12,428.91
0.1875 10,020.99 7,207.35 10,657.89 7,665.42
0.125
6,122.80 3,647.05 6,511.94 3,878.85
0.0625
2,768.01 1,129.16 2,959.31 1,210.52
0.03125 1,321.50 355.21 1,405.49 377.78

Table 5.5 SRI & Neilson values of Critical Kinetic Energy for various steel
thicknesses
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The results of these equations are interesting and reveals through the values that
the theoretical loads or forces for critical kinetic energy (penetration) are high. These
calculated loads are much higher than our laboratory testing could meet. It should be
noted, that during the laboratory testing, the test panels were not punctured with the force
applied. Hence indicating the theoretical formulas may be somewhat valid. From the use
of these equations, it appears that testing of a thinner plate to achieve penetration of the
plain panel would have been more appropriate. These values indicate that there was not
enough force applied to the panel, in the lab to puncture the panels, which was confirmed
during testing. It appears that a 1/32” thick panel would have been more appropriate
panel thickness choice. During calculations, it was also observed, that the SRI and
Neilson resultant forces, calculated using a thinner plate produced values of force that
were obtainable within the laboratory equipment constraints. However, the calculated
forces required for penetration were still high and not significantly enough less that the
5/16” thick panel would have been penetrated in the lab. A thinner panel should have
been selected. The panel thickness of 5/16” was chosen because that is a typical
thickness of panel for steel storage tanks. Penetration of the panels tested to failure was
not achieved in this laboratory test. Should complete penetration have occurred, a better
analysis of formulas used and observed, and their accuracy could have been assessed.
Additionally, if values for penetration were obtained, it would be easier to relate
measured deflection and corelate force related to those values. As it stands with the
present data obtained, deflection can be related to force. The force is calculated from
formulas, that are still being investigated and are theoretically accurate.
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5.1.1

Theoretical analysis for mean crushing strength of the honeycomb

material
A typical load versus displacement curve for a thin walled structure subjected to
out-of-plane compressive load is presented in Figure 5.1. The three-phase compression, a
common feature of all cellular materials including honeycombs, is observable from the
experimental results. The first phase, Phase I, is the linear elastic deformation of cell
walls. There is a spike at the end of the first phase, so the strain energy in the system is
large enough to induce the first buckling of cell walls. The observation of the spike and
how high the spike is, depends on the material properties, as well as imperfections of
individual specimen and loading conditions. Generally, a rapid drop in the force is
observed after the maximum (or ultimate) load is achieved and after experiencing large
post-buckling deformation [49]. As the deformation continues, the walls of the
honeycomb cells start to enter the plastic fold stage, Phase II, this is the second phase.
The primary energy absorbing stage, Phase III, is also called the plateau phase which
reflects its relatively flat force level. This response is progressively repeated, showing
small oscillations due to the progressive folding, until the walls in the core structure are
completely folded which at this point, the structure behaves as a rigid body. At this point
the honeycomb reaches nearly full compaction stage, Densification stage, Phase IV, and
as a result, the force increases rapidly. All of our laboratory testing produced similar
graphical results as the theoretical graphs as depicted in Chapter 4, thus indicating that
the absorbed energy follows these four (4) phases.
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I II

IV

III

Puc

Pm

Displacement

Force

Maximum
Compressive
Strength

D

Yield Stage

Densification
Stage

Plateau Stage
Pm

Mean Crushing
Strength

Linear
Elastic Stage

0

Approx. 75% of
original core
height

D

Displacement

Figure 5.1 Typical force-displacement curve of a honeycomb core under out-ofplane compression. (a) Original force-displacement curve (b) Simplified forcedisplacement curve [50]
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The area under the force versus displacement curve will represent the total energy
absorbed by the core structure. The mean crushing strength or load, Pm , can be obtained
from the energy equilibrium condition as

Pm =

EHC

(5.1)

 Max

In which E HC is the total plastic energy dissipated until the structure is fully crushed. The
displacement is equal to approximately 75 percent original core height, and  Max is the
maximum crushed distance.
To evaluate the amount of the energy absorbed, obtaining the real force versus
deformation relationship for the structure is required. It is very hard and complex to
obtain the real force versus deformation relationship of structures by numerical or
analytical approaches. Although not always practical, and sometimes impossible for large
scale structure, an experimental approach is the best option for obtaining the real force
versus displacement relationship. However, if the mean crushing strength of the structure
is known, the deformation or crushed length can be estimated by equalizing the absorbed
energy and the initial kinetic energy.
In Table 5.7, the maximum compressive and mean crushing strength of the
specimen tested in this study are summarized. Typically, the maximum crushed distance
of unstiffened single steel plate is approximately 75 percent of original member length
[51]. Kunimoto and Yamada [40] derived that under out-of-plane compressive load, the
maximum compressive load Puc , of the honeycomb core alone (i.e., without facing skins)
is
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1/3

  2 Ec ys2  tc 2 
Puc = 8dtc 
 
2 
 3(1 − c )  d  

(5.2)

In which d is edge length of honeycomb cell, tc is the wall thickness, Ec is the Young’s
modulus material,  ys is the yield stress and  c is the Poisson’s ratio of the core material.
Also, Wierzbiki [40], using energy considerations in conjunction with a minimum
principal in plasticity, derived the following simplified equation to predict the mean
crushing load for the bare honeycomb core under out-of-plane compressive load
5/3

t 
 m = 16.56. ys .  c 
S

(5.3)

Which is the constant stress in plastic region of the honeycomb core.in equation (5.2), S
is the cell size of the honeycomb.
From equation (5.2), we can derive
5/3

t 
Pm = 16.56. A. ys .  c 
S

(5.4)

In which A is the virtual area of a unit honeycomb core and is equal to L.W.

A = LW
.



L = 2d (1 + cos )
2

(5.5)



W = 2(tc + d .sin )
2
Table 5.7 summarizes the experimental results as well as the predictions from the
equations (5.2) and (5.4). From the above Equations (5.2) and (5.4), it is expected that
the height of the honeycomb core would have a minimal effect on the mean crushing
force and maximum compressive load of the panels with different number of layers.
Good agreement is observed regarding this claim from all the results except for the ¼”
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single layer panel and the 1/8” double-layer sandwich panel in which the observed
maximum compressive force and is 60 percent and 190 percent lower than the single and
triple layer panels. This could be due to the defects in the honeycomb cores used in this
specimen effecting the elastic deformation section. Also, in theory, the honeycomb core
is assumed to be perfectly homogenous and without any defects. It is important and
should be noted that the theoretical results for the derivation of the maximum
compressive strength is sensitive to the thickness of the wall and this value is not constant
for different cells of the honeycomb used in theoretical results which could be another
reason to justify the difference between the experiment and theoretical results. The cell
wall thicknesses were measured in the laboratory by calipers and discrepancies were
noted. For the calculation of the values, an average value of 10 measurements has been
used to get a better representation of the wall thickness value. Moreover, the results for
the single layer ¼” honeycomb density sandwich seems to be abnormal in both trend and
values for the ultimate compressive strength and the behavior in the plateau stage. This
could be due to pre-damage of the honeycomb which caused this drastic difference for
the single layer test.
Generally, the value prediction of the mean crushing strength of the honeycomb
shows good agreement with the experimental results and are within 11 percent error
difference range (ignoring single ¼” and double 1/8”). Comparison of the mean crushing
load for the core alone and sandwich panels with glass fiber reinforced polymers (GFRP)
and epoxy show that while the predicted values of strength are quite similar, there is an
increase in strength of the specimen with facing GFRP and epoxy. This appears to be
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from the stabilizing effect of the skins during the process of crushing. The same trend
was also previously reported by experiments by other researchers [46] [51].
The energy absorbing capability of the entire panel will depend on the mean crushing
strength of the honeycomb material. This value depends on the yield strength of the core
material, as well as, geometrical dimensions such as wall thickness and the cell size of
the honeycomb. Since the geometrical dimensions dictate the density of the honeycomb,
the mean crushing load also has a strong relationship with density. Looking at the
presented results, at first glance, it appears that the height of the honeycomb core is not
an influential parameter on the crushing behavior of honeycomb core. As expected, the
wall thickness and the size of the cells of the honeycomb core (i.e. density) is crucially
affecting the strength of the sandwich panels under crushing loads (i.e. energy absorbed).
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Table 5.6 Results and comparison of the experimental test and the theoretical
predictions for the compression crushing test
Specimen
Number of
Layers

Experimental Experimental Theoretical Theoretical
mean
(measured)
(formula)
(formula)
(measured)
Pm
Puc (lb)
Puc
Pm (lb)
(Eq. 5.4)
(Eq. 5.2)
(lb)
(lb)
Phase III
Phase I
Phase III
Phase I

*Single ¼”

4,899

2,793

Double ¼”

4,509

7,120

Triple ¼”

5,117

6,985

4,554.68

Single
11,925
18,303
1/8”
11,770
*Double
11,860
11,961
1/8”
Triple 1/8”
12,617
18,262
*Anomaly due to cell wall thickness variation
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8,104.91

19,095.80

Error
%
Pm

Error %
Puc

Phase
III

Phase I

7.0%

-190.0%

-1.0%

-13.8%

10.9%

-16.0%

1.3%

-4.3%

0.7%

-59.6%

0.6%

-4.5%

Energy absorbed (

)

Figure 5.2 Schematics of representation of a typical force versus displacement
curve and the absorbed energy [46]
Based on the simplified representation of force versus displacement curve for honeycomb
core structure following the theoretical derivation discussed previously, the amount of the
absorbed energy of the honeycomb material can be calculated and has been represented
in Table 5.7.
While the height, not the density, of the honeycomb cell (thickness of the
honeycomb layer) appears to not be very influential on the Pm and Puc as it was observed
in the theoretical discussion, this value directly influences the amount of energy absorbed
by increasing the  D (densification stage, deformation) which is assumed to be 75
percent of the total height of the panel. By increasing the number of layers,  D will be
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double or triple (2 to 3 times less), and as a result, the amount of absorbed energy is
going to increase respectively.

1
EHC = Pm . max + Puc . 0
2
= Pm . D

(5.5)

= Pm .(0.75)hc
In which hc is the height of the honeycomb core or total layer height.
A theoretical analysis for mean crushing strength of the core was evaluated using
the energy equilibrium condition and Kunimoto and Yamada [40] formulas (5.2) and
(5.4) to determine the maximum deflection and correlated to determine energy
absorption. An experimental and theoretical analysis (UAH laboratory testing) was also
conducted to determine the maximum and mean compressive load of the honeycomb
core. Based upon the research, the mean crushing strength of a honeycomb core is
approximately 75 percent of the maximum deflection and is directly related to critical
kinetic energy (energy absorbed). These values were determined to find the approximate
energy absorbed. However, since our honeycomb composite system is partially filled
with epoxy for attachment, the full 75 percent of assumed deflection will not be achieved.
Therefore, the assumption of a 50 percent deflection of the height is more realistic.
Displacement is observed from the graphs as shown in Figures 4.2(a) and 4.3(a). If the
mean crushing strength of the structure is known, the assumed deformation or crushed
length can be used in equation 5.1 to determine the absorbed energy. Next, we can
equalize the absorbed energy and the initial kinetic energy to determine the difference in
energy which is theorized to be critical kinetic energy. Table 5.7 presents the
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experimental and theoretical values of deflection,  D and mean crushing strength or load,
Pm , to determine the experimental and theoretical values of absorbed energy.
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Theoretical, 50% of
panel height

(in.) Experimental
0.22
Single layer (Series 2)
0.45
Double layer (Series 3)
0.65
Triple layer (Series 4)
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(lb-in.)Experimental
1,077.78
2,029.05
3,326.05

1,339.62

(lb-in.)Theoretical

11,770

(lb) Theoretical

9,462.75

(lb-in.)Experimental
1,788.75
5,930

3,460.38

(lb-in.)Theoretical

Mean crushing
strength or load Pm Absorbed energy EHC Absorbed energy EHC

4,554.70

(lb) Theoretical

Mean crushing strength Mean crushing
Pm strength or load Pm Absorbed energy EHC Absorbed energy EHC
Max. Deflection (in.)  D or load

(lb) Experimental
4,899
4,509
0.5x0.5882” =0.294”
5,117
Mean crushing strength

Pm
Honeycomb density 1/8" Deflection
D Max. Deflection (in.)  D or load
Theoretical, 50% of
panel height
(lb) Experimental
(in.) Experimental
11,925
0.15
Single layer (Series 2)
11,860
0.5
Double layer (Series 3)
0.5x0.5882” =0.294”
12,617
0.75
Triple layer (Series 4)

Honeycomb density 1/4" Deflection  D

140%

93%
65%

Theoretical
Percent Change
in Absorbed
energy
24%
65%
140%

Table 5.7 Experimental and Theoretical values of absorbed energy, E HC

From the table above, we see that the amount of absorbed energy is directly related to
density and number of layers of the honeycomb. The mean crushing strength, Pm, is not
dependent upon the height or number of layers. It is dependent upon the density. For the
¼” single layer, we see that the single layers (Series 2) experimental absorbed energy was
approximately 24 percent less than the theoretical energy. Does this indicate the amount
of lost energy into the frame? For the double and triple layers (Series 3 and 4), it was
observed that the absorbed energy is approximately 65 percent and 140 percent,
respectively, more than the theoretical value, indicating again, that energy is being
absorbed into the system. A similar trend is observed for the 1/8” density testing. When
comparing to the single layer theoretical value, we observed for the 1/8” density, a 93
percent decrease in absorbed energy possibly indicating some loss of energy into the
supporting frame system again. For the double and triple layers (Series 3 and 4), it was
observed that the absorbed energy approximately 65 percent and 140 percent,
respectively, more than the theoretical value, indicating again, that energy is being
absorbed into the system. It is obvious that an increase in absorbed energy with each
added layer is taking place. Clearly, the denser the honeycomb, the more energy
absorption takes place upon impact. It is also noted that the deflection is directly related
to panel height. It is also noted, that the height of the honeycomb versus deflection was
observed and correlated to amount of energy absorbed. It was noted that the more layers
of honeycomb the more deflection was dissipated. It should be clarified that the TTU
Laboratory testing was performed using 3/16” density honeycomb, while the UAH
laboratory testing was performed on both the ¼” density honeycomb and the 1/8” density
honeycomb. Therefore, for a more realistic result, the average of the ¼” and 1/8” energy
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absorption and deflection values will be used to compare to the TTU laboratory testing
values of the impact tests. These averaged results are listed below in Table 5.8. Note
that the average mean crushing strength theoretical is 4,554.7 lb plus 11,770 lb divided
by 2 to get 8,162.4 lb for a single layer compared to 8,412 lb (measured), which is only a
2.97% difference. This is using a 50 percent core height instead of 75 percent core height,
which confirms to be a more realistic value due to filling the honeycomb core cells. It
was also noted that the average amount of energy absorbed per 3/16” density honeycomb
was approximately 412.1 lb-f of energy. This value was obtained by the averaged
experimental energy absorbed in lb-in, dividing it by 12 to get lb-f. This value was
multiplied by the ratio of deflection per height of the panel to obtain the energy absorbed
per panel in lb-f. The results of a 3/16” density panel are relatively consistent for both
experimental and theoretical values of an average of 412 lb-f. This indicates that the
height of the panel affects the absorbed energy of the protective panel and by absorbing
the kinetic energy, thus the deflection of the steel plat due to impact will be reduced.
This appears to be consistent when the energy absorbed versus deflection is observed.
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3/16" Honeycomb
density (50%)
Single

3/16" Honeycomb
density (averaged)
Single
Double
Triple

Averaged Deflection,
(in.)
0.185
0.475
0.7

Averaged Mean crushing
strength or load, (lb)
Experimental
8412
8184.5
8867
Averaged Mean crushing
strength or load,
Averaged Deflection,
(lb)Theoretical
(in.)
8162.4
0.294

D

Pm

2.0

200.0
Averaged Energy
absorbed per 3/16"
density panel = EHC

Energy in (lb-ft)
129.7
324.0
517.2

412.1

400.1

Energy absorbed per
layer of 3/16" density
panel (lb-ft)
412.3
401.2
434.6

EHC

Averaged Absorbed
Energy, (lb-in.),
Experimental
1556.2
3887.6
6206.9
Averaged Absorbed
energy, (lb-in.),
Theoretical
2,399.70
Ratio of deflection
per height of panel
3.2
1.2
0.8

EHC

EHC

Table 5.8 Averaged UAH laboratory testing values

2.03
2
1.875
1.265

Series 3- Double Layer
Series 4-Triple Layer

TTU Averaged
Deflection, (in.)

D

Series 1-Plain Panel
Series 2- Single Layer

3/16" Honeycomb
density (averaged) at
TTU
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20,132.0
20,357.0

21,089.5
20,358.0
824.1
1236.2

0.0
412.1

19,307.9
19,120.8

21,089.5
19,945.9

Averaged Energy
absorbed per layer of EHC
Pm
Averaged initial Kinetic 3/16" panel, (lb-f) Theoretical Energy
UAH EHC transferred to plate
Energy Vo (lb-f)

8.3
60.5

N/A
1.5

9.2
10.3

N/A
5.7

Percent reduction of Percent reduction of
deflection per layer
Energy per layer

Table 5.9 Averaged deflection values measured at TTU and UAH to determine percent
reduction of deflection and energy absorbed per layer

Table 5.9 above takes the difference in the averaged values of the UAH testing (to obtain
a 3/16” value) and compares the values of deflection and energy measured in the lab at
TTU to determine the kinetic energy transferred to the plates for each series 2, 3 and 4
(single layer, double layer, triple layer). In the calculation, it was assumed that the loss of
kinetic energy after initial velocity is negligible, since our laboratory dimensions and
constraints are relatively small. This assumption is used since there is no way to measure
the potential loss. Since these values are determined, it can be compared to see the
deflections and energy absorbed and their percent differences between the values
measured through impact testing (TTU lab testing) and experimental testing (UAH lab
testing). From this data, the results are that deflection decreases by 0 percent to 1.5
percent with a single layer (Series 2) and 5.7 percent energy is absorbed. With a second
layer (Series 3), deflection decrease by 8.5 percent to 8.3 percent and 9.2 percent energy
is absorbed. With a third layer (Series 4), deflection decreased by 48.8 percent to 60.5
percent and 10.3 percent energy is absorbed. Again, confirming Gerard’s theory of a
minimum of 6 percent absorbed energy.
As can be seen from the data, it is verified that each post-installed composite layer
added absorbs critical kinetic energy. In summary, a single layered system can absorb
approximately 5.7 percent energy, a double layer system can absorb approximately 9.2
percent energy and a triple layer system can absorb approximately 10.2 percent energy.
Interesting, the reduction of deflection increases more with additional layers and
appears to be related to the height of the honeycomb system. The more layers added, the
less deflection was observed, thus indicating that an ideal system will consist of a panel
dense enough to reduce critical kinetic energy and a height tall enough to reduce
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deflection to prevent puncture. This also relates to Gerard’s [4] theory that the height of
the system off of the surface helps reduce deflection.

5.1.2 Simulation of the honeycomb core under out-of-plane compression and
linear regression analysis of plastic deformation and plate design capacity
A finite element modeling (FEM) of the honeycomb core for the ¼” density panel
with cell size 6.25mm was carried out using commercial finite element (FE) software
Abaqus Ver. 6.8-4. similar to the experimental test setup and the panel configuration, 135
honeycomb cells with homogenous wall thickness, cell height and size according to
Table 4.3 were modeled in a 9 by 15 array to form the honeycomb core. Shell elements
are used for the walls of the cells. Figure 5.3 presents the initial setup of the simulation in
Abaqus with 2 rigid plates on each side to apply the compressive load. The modeling of
the honeycomb core is without defects and the influence of the defects was not
considered in the model. Plastic behavior of the 5052 Aluminum alloy was implemented
in the material properties. The surface to surface contact interaction was used to define
the contact between specimen and plate. In addition, a general contact interaction for the
cell walls was included in the simulation to prevent the interpenetration of the
honeycomb. The comparison of the results from Abaqus, experiment and the theoretical
predictions in Table 5.7 show good agreement with each other especially for the mean
crush strength of the honeycomb. It should be noted that the material of the honeycomb is
not elastic perfectly plastic which is the assumption in the analytical results. Hence, a
gradual increase of the force is observed from the FEM result during the plateau stage.
Figure 5.3 presents the different stages of the out-of-plane comression of the honeycomb
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simulation in Abaqus. Figure 5.4 presents the comparison of the results for theoretical
prediction, experimental results and the FEM simulation. This graph is similar to the
experimental model graphs and confirms behavior in the same fashion.

(a)

(b)

(c)

Figure 5.3 Model setup in the Abaqus program for the honeycomb core (a)
meshing of the setup (b) honeycomb part (c) final setup of the simulation
9000
8000
7000

Force (lb)

6000
5000
FEM

4000

Theoritical

3000
2000
1000
0
0

0.05

0.1

0.15

0.2

0.25

Displacement(in)

Figure 5.4 Comparison of results for theoretical prediction, experimental results
and FEM simulation
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Figure 5.5 Stages of the compression simulation in the Abaqus model presenting
buckling, wall folding, and densification of the honeycomb core
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Next, a linear regression analysis of plastic deformation and plate design capacity
was theorized. In this analysis, an attempt was made to relate the calculated critical
kinetic energy using SRI’s equation from Table 5.5. The initial kinetic energy calculated,
and the plastic deformation was measured in the laboratory at TTU. The theoretical
absorbed energy of the honeycomb was performed at UAH and averaged to obtain
capacities for single (Series 2), double (Series 3) and triple (Series 4) layers. Assuming
that the amount of energy loss from the initial velocity to the time of impact is negligible,
we can theorize that the critical kinetic energy (force) exerted on the panel is the
absorbed energy or critical kinetic energy applied to the steel. The theorized equation
then becomes a lineal equation by observation equal to the following:
Initial kinetic energy - absorbed energy (from composite panel) = critical kinetic
energy (ultimate)
The graph of Figure 5.6 shows the linear relationship described above between critical
kinetic energy and plastic deformation. The equation and variables are a good start to the
development of a more realistic equation. Potentially, The Baker equation.
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24000.0

S0
S1
Linear Fit

22000.0

S2
Ec(SRI)

S3

20000.0

Energy (lb.ft)

18000.0
16000.0
14000.0
12000.0
10000.0
8000.0
6000.0
1.2

1.4

1.6
1.8
Plastic Deformation (in)

2.0

2.2

Figure 5.6 Relationships between critical kinetic energy and plastic deformation
Linear Regression Function
𝑦 = 11685𝑥 − 3534.9
where, x is the plastic deformation, and y is the absorbed energy of the substrate plate. Its R2 is
0.8877. The substrate plate thickness (h0) is 0.3125 in.
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5.2 Applications
Since it appears that SRI’s equation is the most accurate formula between SRI,
Greenstreet, and Neilson, we can then use that formula to better estimate what thickness
of steel is needed to prevent penetration and what configuration of honeycomb composite
structure, density, size and number of layers is required to absorb the right amount of
energy. Also, if we can predict a new accurate equation of critical kinetic energy, we can
also verify and validate the configuration and components of a post-installed system to
prevent and reduce exposure to critical kinetic energy. Thus, adding a proactive layer to
steel structures and to prevent them from wind-born debris and the impact, or critical
kinetic energy, caused by that debris. Determining a more accurate, reliable equation for
critical kinetic energy is a must. The most direct applications of this research are toward
the design and ultimately the use of honeycomb and GFRP systems to protect stainlesssteel tanks at nuclear power plants from hurricane or tornado generated missile impact or
any steel structural system exposed to wind-borne debris from impacts. It is also
important to the general engineering building industry so that these systems can be
applied to our aging infrastructure. Impact performance is of interest beyond
safeguarding against natural phenomena hazards in our civil engineering industry. This
type of composite system could be useful in a variety of industries, including security,
defense, and the building industry.
This research is interdisciplinary in scope, including structural engineering,
materials science, ballistics, and nuclear engineering. By introducing a technology from
aeronautics into the world of nuclear power and other structural industries, the
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groundwork is set for other applications of this material to emerge from the ensuing
collaboration between disparate industries and products.
Also, being able to accurately determine critical kinetic energy has eluded our
industry for centuries. It would be a major break-through to be able to pinpoint an exact
and accurate equation.
More relevant, this data can help develop a design theory and method to reduce
deflection and absorbed energy to nuclear steel storage tanks with a performance
category of 3 or 4 per the DOE-STD-1020 guidelines.

5.3 Design process recommendations for a GFRP honeycomb system over steel
storage tanks subject to wind-borne debris
Based upon the theoretical and experimental data, the following are general
recommendations to design a post-installed, glass fiber reinforced honeycomb structure
over a steel storage tank. First, the designer should be intimately familiar with ASCE 7and DOE-STD-1020. Both of these design codes and guidelines should be followed for
proper selection of wind speed, velocity, performance category, tornado region, etc.
Next, the anticipated initial kinetic energy of the design pipe should be calculated based
on wind velocity speed using SRI’s equation. The anticipated theoretical honeycomb
panel absorption value should be determined based on the tested data obtained within. At
this point in time, it is recommended to relate energy absorption and deflection capacity
of the selected honeycomb to the 3/16” density honeycomb data. Likewise, for the epoxy
and glass fiber fabric selection. The selection of honeycomb density and thickness
(height) should be based on how much anticipated deflection and absorbed energy needs
to be removed from the tank due to impact. This is most likely a direct correlation to the
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existing thickness of the tank. The thinner the tank the dense and thicker the honeycomb
will need to be. This should be studied by the engineer prior to honeycomb selection. It
is recommended that a reduction of 50 percent versus 75 percent of theoretical
deformation be used since it was observed that the honeycomb cells fill with the applied
epoxy and that obtaining 75 percent deflection is aggressive. The number of layers to
epoxied to the outside of the tank will be dependent upon the height and density of the
honeycomb selected and thickness of the tank to be protected. At this time, no less than 2
to 3 layers are recommend in order to achieve positive results. Also, the denser the
honeycomb, the more difficult it becomes to be formed and epoxied on the radius of the
tank surface. This should be considered for physical installation purposes and longevity
of the attachment. Next, the layup pattern of the system should be specified, which is
dependent upon the number of layers required, which is dependent upon the density and
thickness of the honeycomb and thickness of the tank and exposure to wind speed. Each
layer of honeycomb shall be laid at a 90 degree angle to the preceding layer and shall
have a closure fabric between each layer consisting of glass fiber and epoxy. Each added
layer of honeycomb and fabric is attached with epoxy. The panels of glass fiber fabric
and honeycomb shall be but-jointed at each piece within the same layer, with the second
layer on top of the first located at the mid-point of the honeycomb panel below (i.e.
running bond style) per layer of panel. The kind of honeycomb, type of glass fiber
reinforced fabric and type of epoxy should be carefully selected based on exposure to
weather elements, environmental elements and ease of installation, as well as strength
and durability of the system.
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CHAPTER VI

CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions
An evaluation of existing formulas for critical kinetic energy was reviewed in Section
5.1. Laboratory testing was performed projecting a steel pipe onto a steel panel to predict
critical kinetic energy, force, deflection and to determine if a composite system could
reduce critical kinetic energy onto the panel. Both plain and reinforced panels were
tested. Deflections were measured from the laboratory impacts (TTU). The critical
kinetic energy of the panel systems was calculated using the following formulas:
1. Empirical Formulas
2. Neilson’s Formula
3. SRI’s Formula
4. Greenstreet’s Formula
The theoretical deflection and absorbed energy were calculated based on sample
testing in the laboratory (UAH). Linderman’s [18] equation was investigated for a look at
deflection and load, P, for a flat plate. These values and percentages were then compared
to each other and compared to the measured laboratory data. The resultant values of the
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Greenstreet equation appeared to not have any form of relation or correlation to any data,
force or factor and could not realistically be compared to determine a relationship. It was
noted that the critical kinetic energy in metric units for SRI and Neilson did appear to be
similar and consistent. Determining an accurate and realistic critical kinetic energy is a
vital key to future research. At this time the most realistic equation for critical kinetic
energy appears to be SRI’s equation until further testing can be performed.
As determined, the measured deflections and empirical deflections from a flat
plate formula calculation do verify that with each added sheathing layer of GFR and
epoxy the deflection decreases overall from 1.5 percent to 60.5 percent difference from
Series 1 to Series 4 as indicated in Table 5.10 and from 8.5 percent to 48.8 percent as
seen in Table 5.2. There is one exception for Series 3, Impact 2. It is suspected that the
Series may have been compromised after the initial impact or the velocity of the pipe is
different, thus skewing the results somewhat. In general, the overall deflection of the unreinforced Series 1, compared to the reinforced Series 3 and Series 4 decreased
dramatically. It is my opinion that the sheathing system adds additional strength to the
steel plate, thus reducing deflection of the plate. The distance of the honeycomb
placement (height) does also appear to affect deflection. Therefore, validating Gerard’s
theories.
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Table 6.1 Average percent deflection decrease with a post-installed GFRP sheathing
system

Series
From Series 1 to
Series 3
From Series 3 to
Series 4
From Series 1 to
Series 4

Speed for approx.
91 mph (Series 1/2,
3/1, 4/2) Percent
decrease in
deflection (%, lb-ft)

Speed for approx.
91 mph (Series 1/2,
3/1, 4/2) Percent
decrease in
deflection (%, N)

Average percent
deflection
decrease with
post-installed
system (%)

8.5

8.6

8.5

37.2

40.5

38.9

48.8

52.5

50.7

Based upon the data obtained, it is my opinion that the layered GFRP and honeycomb
core sheathing system adds protection to a stainless-steel storage tank from excessive
deflection and potentially penetration. These percentage values of energy absorbed, and
decreased deflection are essentially the same. It is also my opinion that since the test
Series 1 sample was not penetrated, that the likelihood that a tank being penetrated today
is unlikely, since most tanks are 5/16” thick and since we observed testing to wind
strengths of a Category 3 and 4 hurricanes. However, should tank walls be value
engineered to be thinner or a GFRP and honeycomb core sheathing system be used for
some other applications. It appears that this layered system will add additional strength.
From the data provided it appears to add approximately 5.7 percent up to potentially 10.3
percent or more of absorbed energy. Gerard [4] hypothesized that this type of system
could potentially add an additional 6 percent or more of absorbed energy. This value
appears to be conservative. Through laboratory data testing results, it appears that the
post-installed system can absorb energy to prevent penetration. From Table 6.1, using
the data obtained from TTU testing, it is evident that the measured deflection decreases
as the layers of the system increase. Overall, the average percent of deflection decreased
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with the post-installed system, based on a relatively constant wind speed of
approximately 90 mph, by 8.5 percent from the plain unreinforced panel (Series 1) to a 6layer system (Series 3), and an additional 37.2 percent from the 6-layer system to an 8layer system (Series 4) for a total of 48.8 percent increase in resistance to deflection.
Thus, indicating that energy is being absorbed with each added layer to the system.
A separate laboratory compression test and analysis was also conducted on the
composite samples consisting of a 4”x4” panels and 16”x16” panels for pipe indention
testing. Additionally, a finite element model (FEM) analysis was performed on the ¼”
honeycomb data. A review of typical load versus displacement curve subjected to out-ofplane compressive load was evaluated. A theoretical analysis for mean crushing strength
of the core was evaluated using the energy equilibrium condition and Kunimoto and
Yamada [32] formulas to determine the maximum deflection and correlated to energy
absorption. An experimental and theoretical analysis was also conducted to determine
the maximum and mean compressive load of the honeycomb core. Based upon the
research, the mean crushing strength of a honeycomb core is approximately 75 percent of
the maximum deflection and is directly related to critical kinetic energy. These values
were determined to find the approximate energy absorbed. It is my opinion that the 8layered system is the most effective (Series 4). It should also be noted that if the density
of the honeycomb and height of the honeycomb is increased that fewer layers may be just
as effective.
Lastly, a linear regression analysis was performed to observe the relationship
between critical kinetic energy and plastic deformation. It was evident that this
relationship is linear and that an ultimate load could be determined with additional testing
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and analysis, therefore also making it possible to theorize parameters for allowable
critical kinetic energy values and equations. Table 6.2 below summarizes the data
obtained:
Table 6.2 Summary of Percentages for absorbed energy and deflection
Number of 3/16”
density layers

Percent reduction of
deflection per layer

Percent reduction of
deflection per layer
(Theoretical) (UAH)

(TTU) testing
Single layer
(Series 2)
Double layer
(Series 3)
Triple layer
(Series 4)

Percent of
absorbed energy
(Theoretical)
(UAH)
5.7

8.5

1.5

37.2

8.3

9.2

48.8

60.5

10.3

The following objectives from this research, laboratory testing and analyses have been
determined:
1. Gerard’s theory of adding protective layers appears to reduce critical kinetic
energy absorbed, reduces deflection and may prevent puncture of steel storage
tanks.
2. The configuration of the added post-install protection system should consist of
glass fiber reinforced polymers, epoxy and a honeycomb substrate.
3. The formula to determine critical kinetic energy is ever eluding and
undefined.
4. The formulas by SRI is the most accurate equation for critical kinetic energy
at this date. Calculations in English and S.I. units are similar.
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5. The general equation for kinetic energy, is accurate to determine the force
applied within the laboratory, thus indicating that this formula and the
resultant value is not extremely far removed from critical kinetic energy.
6. To accurately determine critical kinetic energy, a thinner plate tested under the
same conditions would produce more accurate results and data for additional
linear regressions.
7. The formula for Greenstreet is invalid.
8.

The height of the honeycomb core is also a critical variable related to
deflection. The taller the height of the core, the more deflection is taken out
from the impact or deflection reduced.

9. The cell wall thickness (density) is crucial to the crushing loads and energy
absorbed.
10. Using a 3/16” density honeycomb, the added energy absorption is increased
from approximately 5.7 percent for the first layer to 9.2 percent for the second
layer, to 10.3 percent for the third layer.
11. Using 3/16” density honeycomb, the deflections deceased from 1.5 percent for
the first layer to 8.3 percent for the second layer to 60.5 percent for the third
layer.
12. The potential energy absorbed for a 3/16” density honeycomb system (as
tested) is 412.1 lb-f per layer.
13. Basic design recommendations have been described in Chapter 5 section 5.3.
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6.2 Recommendations
Overall, the laboratory testing, research and data calculations were a success. The
research was performed to evaluate a post-installed glass fiber, honeycomb reinforced
polymer system could act as a protective system over a steel panel, and or reduce the
critical kinetic energy applied to that panel from wind-borne debris during a wind event.
In general, from the results of the testing, this type of system reduces critical kinetic
energy impact, energy absorption and deflection. During this research, the evaluation of
critical kinetic energy led to the evaluation of existing formulas. In order to further
expand the objectives from this experiment and evaluation the following is recommended
to achieve better, more reliable results and to try and accurately pinpoint reliable and
finite equations and coefficients. It is recommended that should additional testing be
performed, it would best be suited to have funding or a grant from an outside source from
the Department of Energy. This type of testing is very expensive and not practical for
typical individual researchers. The following summarizes recommendations for further
research:
1. Perform standard DOE Protocol 5 testing on thinner panels, such as 1/32” thick to
¼” thick, to failure, starting with 1/32” thick panels. Any testing should be
performed to achieve penetration first. Strain gauges should be installed on each
panel prior to testing
2. Ensure that the values of penetration are statistically compared to empirical
equations, Neilson equation, SRI equation and Linderman’s deflection equation
and potentially any other equations or testing that may be relative.
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3. Perform lab testing on the panel selected to verify absorption capacity.
4. Conduct testing with 2, 3 or 4 layers of honeycomb reinforcing using a constant
height (thickness) and density.
5. Perform all testing velocity at the same speed to achieve more accurate results.
6. Test a variety of density and thicknesses of honeycomb material. It is
recommended that this testing be done only after a good base of standards are
created. It is also recommended that strain gauges be installed on the panels prior
to testing to potentially find a relationship between deflection and strain.
7. Perform a linear regression analysis using the deformations measured versus
critical kinetic energy and develop a new ‘Baker’ formula for critical kinetic
energy.
8. Determine the deflection between built-up layered systems and how much
deflection and/or penetration is achieved or prevented with each layered system
with a specific honeycomb height. Compare to existing results within.
9. Determine the approximate longevity of any post-installed system added to
prevent impact from critical kinetic energy.
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APPENDIX A - Series Sketches
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APPENDIX B – Test Report: Investigation of Wind Projectile Resistance of the
DOE Protocol 5 Report No. 2180427A
Report No. 20180427A Specimen No. 4 Test Date: April 27, 2018

1.0

MANUFACTURER’S IDENTIFICATION

1.1

NAME OF APPLICANT: Tamara G. Baker PH.D Candidate
219 N. Newnan Street,
2nd floor Jacksonville,
FL 32202

1.2

CONTACT PERSON: Tamara G. Baker, PE, SI, CBC

1.3

TEST LAB CERTIFICATION: Accredited by the American
Association of Laboratory of Accreditation (A2LA) in
accordance with the recognized International Standard ISO/IEC
17025.

2.0
2.1

TEST UNIT IDENTIFICATION
PRODUCT TYPE:
Series 1–4-ft. x 4ft. x 5/16-in. Grade 304 Stainless-steel mounted on a 4-ft. x
4-ft. frame of 3-in. x 3-in. x ¼-HSS- with ¾-in. x 3-in. Grade 5 bolts, four
per side.
Series 2—4-ft. x 4ft. x 5/16-in. Grade 304 Stainless-steel
mounted on a 4-ft. x 4-ft. frame of 3-in. x 3-in. x ¼-HSS- with ¾in. x 3-in. Grade 5 bolts, four per side. The SS sheet was covered
with one layer of polymer products.
Series 3—4-ft. x 4ft. x 5/16-in. Grade 304 Stainless-steel
mounted on a 4-ft. x 4-ft. frame of 3-in. x 3-in. x ¼-HSS- with ¾in. x 3-in. Grade 5 bolts, four per side. The SS sheet was covered
with two layers of polymer products.
Series 4—4-ft. x 4ft. x 5/16-in. Grade 304 Stainless-steel
mounted on a 4-ft. x 4-ft. frame of 3-in. x 3-in. x ¼-HSS- with ¾in. x 3-in. Grade 5 bolts, four per side. The SS sheet was covered
with three layers of polymer products
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2.2 MODEL NUMBER: N/A.
Report No. 20180427A Specimen No. 4 Test Date: April 27, 2018
2.3
2.4
2.5

CONFIGURATION: See Article 3.0 Test Unit Description.
SAMPLE SIZE: See Article 3.0 Test Unit Description.
ASSEMBLY: See Article 3.0 Test Unit Description.
See construction photos, pages 6, 13, 17, and 22.
2.6
DRAWINGS See Appendix B Drawings and Cladding Component and
Specifications
3.0
TEST UNIT DESCRIPTION
3.1

3.2

TEST FRAME UNIT CONSTRUCTION: 4-ft. x 4-ft. frame of
3-in. x 3-in. x ¼-HSS- with ¾-in. x 3-in. Grade 5 bolts, four per
side.
ASSEMBLY CONSTRUCTION:

Series 1– 4-ft. x 4ft. x 5/16-in. Grade 304 Stainless-steel mounted on a 4ft. x 4-ft. frame of 3-in. x 3-in. x ¼-HSS-with ¾-in. x 3-in. Grade 5 bolts,
four per side.
Series 2—4-ft. x 4ft. x 5/16-in. Grade 304 Stainless-steel mounted on a
4-ft. x 4-ft. frame of 3-in. x 3-in. x ¼-HSS-with ¾-in. x 3-in. Grade 5
bolts, four per side. The SS sheet was covered with one layer of HJJ3
Civil High Modulus Paste; one layer of HJ3 Civil Glass Fiber
Reinforcement; and one layer of HJ3 Civil Summer Saturating Polymer.
Series 3—4-ft. x 4ft. x 5/16-in. Grade 304 Stainless-steel mounted on a
4-ft. x 4-ft. frame of 3-in. x 3-in. x ¼-HSS-with ¾-in. x 3-in. Grade 5
bolts, four per side. The SS sheet was covered with two succeeding layers
of HJJ3 Civil High Modulus Paste; one layer of HJ3 Civil Glass Fiber
Reinforcement; and one layer of HJ3 Civil Summer Saturating Polymer.
Series 4—4-ft. x 4ft. x 5/16-in. Grade 304 Stainless-steel mounted on a
4-ft. x 4-ft. frame of 3-in. x 3-in. x ¼-HSS-with ¾-in. x 3-in. Grade 5
bolts, four per side. The SS sheet was covered with three succeeding
layers of HJJ3 Civil High Modulus Paste; one layer of HJ3 Civil Glass
Fiber Reinforcement; and one layer of HJ3 Civil Summer Saturating
Polymer.
Revised: 02/15/2018
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4.0 TEST RESULTS
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4.1 SCOPE: Conduct impact tests related to a high speed ground speed tornado.
4.2
SUMMARY OF RESULTS:
Test Method

Test Conditions

Test Conclusion

Impact Test
Impacts
DOE Protocol 5, See Series 1 –
Appendix A
DOE STD 1020Series 2 –
2002
Series 3 –

Series 1 – Passed the required
impacts.

Series 4 –

Series 4 – Passed the required
impacts.

Test projectile 75-lb steel 3-in.
diameter Schedule 40 pipe
propelled at 75+ mph

See Conclusions Article 5.0.

Temperature
Relative Humidity
Barometric Pressure
4.3
INDOOR

Series 2 – Not tested.
Series 3 – Failed impacts.

70 degrees
24 %
30.15 in-Hg

WEATHER
CONDITIONS:
Series 1

Revised: 02/15/2018
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4.4 IMPACTS
Impact Speed: 75-mph x 75-lb 3-in. diameter steel pipe.
Impact Tests
Report No. 20180427A Specimen No. 4 Test Date: April 27, 2018

Series/Impact

Velocity (mph)

Location

1/1

76.3

Panel Center

1 1/2-in. deformation.
See photos, pages ##-##.

1/2

91.0

Bottom Left Corner

2-in. deformation.
See photos, pages ##-##.

1/3

92.0

Top Right Corner

2 2/32-in. deformation.
See photos, pages ##-##.

2/1

89.9

Panel Center

2-in. deformation.
See photos, pages ##-##.

3/1

89.4

Upper Right Corner

1 27/32-in. deformation.
See photos, pages ##-##.

3/2

77.0

Panel Center

1 29/32-in. deformation.
See photos, pages ##-##.

4/1

76.7

Panel Center

1 6/32-in. deformation.
See photos, pages ##-##.

4/2

89.9

Bottom Left Corner

1 5/16-in. deformation.
See photos, pages ##-##.
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Results

5.0 CONCLUSIONS
Report No. 20180427A Specimen No. 4 Test Date: April 27, 2018
Within the bounds of reasonable engineering and technical certainty,
and subject to change if additional information becomes available, the
following is my professional opinion:
Impact tests were conducted by TTU NWI Debris Impact Facility on April
27, 2018 for Tamera Baker, Ph.D. candidate.
Tested products included the following:
Series 1–4-ft. x 4ft. x 5/16-in. Grade 304 Stainless-steel mounted on
a 4-ft. x 4-ft. frame of 3-in. x 3-in. x ¼-HSS-with ¾-in. x 3-in. Grade
5 bolts, four per side.
Series 2—4-ft. x 4ft. x 5/16-in. Grade 304 Stainless-steel mounted
on a 4-ft. x 4-ft. frame of 3-in. x 3-in. x ¼-HSS-with ¾-in. x 3-in.
Grade 5 bolts, four per side. The SS sheet was covered with one
layer of polymer products.
Series 3—4-ft. x 4ft. x 5/16-in. Grade 304 Stainless-steel mounted
on a 4-ft. x 4-ft. frame of 3-in. x 3-in. x ¼-HSS-with ¾-in. x 3-in.
Grade 5 bolts, four per side. The SS sheet was covered with two
layers of polymer products.
Series 4—4-ft. x 4ft. x 5/16-in. Grade 304 Stainless-steel mounted
on a 4-ft. x 4-ft. frame of 3-in. x 3-in. x ¼-HSS-with ¾-in. x 3-in.
Grade 5 bolts, four per side. The SS sheet was covered with three
layers of polymer products.
The tests conducted were consistent with the DOE Protocol 5 and DOE STD 10202002.
Series 1 & 4 Passed the required impacts
Any alterations made to the tested design or construction must be
approved or retested by the TTU NWI Debris Impact Facility.
All testing was in strict accordance to

_ _

Engineer of Record
Larry J. Tanner, P.E., R.A.
Revised: 02/15/2018
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Series 1 Panel
Report No. 20180427A Specimen No. 4 Test Date: April 27, 2018
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Series 1 Impact 1
Report No. 20180427A Specimen No. 4 Test Date: April 27, 2018
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Series 1 Impact 1 Results
1 1/2-in. deformation
Report No. 20180427A Specimen No. 4 Test Date: April 27, 2018
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Series 1 Impact 2
Report No. 20180427A Specimen No. 4 Test Date: April 27, 2018

Revised: 02/15/2018 Page 9 of 42
122

Series 1 Impact 2 Results
2-in. deformation
(2 30/32-in. at reference)
(30/32-in. at impact)
Report No. 20180427A Specimen No. 4 Test Date: April 27, 2018
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Series 1 Impact 3
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Series 1 Impact 3 Results
2 2/32-in. deformation (2 30/32-in. at reference)

(28/32-in. at impact)
Report No. 20180427A Specimen No. 4 Test Date: April 27, 2018
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Series 2 Panel
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Series 2 Impact 1
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Series 2 Delaminated Face
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Series 2 Impact 1 Results 2-in. deformation (3 2/32-in. at reference)

(1 2/32-in. at impact)
Report No. 20180427A Specimen No. 4 Test Date: April 27, 2018
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Series 3 Panel
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Series 3 Impact 1
Report No. 20180427A Specimen No. 4 Test Date: April 27, 2018

Revised: 02/15/2018 Page 18 of 42

131

Series 3 Impact 1 Results 1 27/32-in. deformation (3 2/32-in. at reference)

(1 7/32-in. at impact)
Report No. 20180427A Specimen No. 4 Test Date: April 27, 2018
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Series 3 Impact 2
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Revised: 02/15/2018 Page 20 of 42

133

Series 3 Impact 2 Results 1 29/32-in. deformation (3 2/32-in. at reference)

(1 5/32-in. at impact)
Report No. 20180427A Specimen No. 4 Test Date: April 27, 2018
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Series 4 Panel
Report No. 20180427A Specimen No. 4 Test Date: April 27, 2018
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Series 4 Impact 1
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Series 4 Impact 1 Results 1 6/32-in. deformation (3 2/32-in. at reference)

(1 28/32-in. at impact)
Report No. 20180427A Specimen No. 4 Test Date: April 27, 2018
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Series 4 Impact 2
Report No. 20180427A Specimen No. 4 Test Date: April 27, 2018
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Series 4 Impact 2 Results 1 5/16-in. deformation (3 2/32-in. at reference)

(1 24/32-in. deformation)
Report No. 20180427A Specimen No. 4 Test Date: April 27, 2018
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APPENDIX A.1 – TEST PROTOCOLSThe TTU NWI Debris Impact Facility
performs debris impact tests on storms shelters, shelter components, and building
materials to evaluate their ability to resist various types of projectiles propelled at
different speeds in accordance to accepted and proposed test protocols as follows:
A.1.1 - PROTOCOLS FOR DEBRIS IMPACT TESTING
Protocol
1

Protocol
2

Protocol
3

Protocol
4

Protocol
5

Hurricane envelope impact by a 9-lb wood 2x4-in.
propelled at 34-mph, in accordance with the Florida
Building Code, the International Code Council, and the
Texas Dept. of Insurance windstorm Resistant
Construction Guide.
Hurricane shelter speed impact by a 9-lb wood 2x4-in.
propelled at 0.50 x the design wind speed (mph) for
horizontal impacts and
0.10 x the design wind speed (mph) for vertical impacts, in
accordance to ICC 500 – ICC/NSSA.1 Standard for the
Design and Construction of Storm Shelters.
Hurricane shelter speed impact by a 9-lb wood 2x4-in.
propelled at 0.50 x the design wind speed (mph) for
horizontal impacts and 0.10 x the design wind speed
(mph) for vertical impacts, in accordance with FEMA
320, “Taking Shelter from the Storm,” 2014 Edition and
FEMA 361, “Design and Construction Guidance for
Community Safe Rooms,” 2015 Edition.
Tornado shelter speed impact by a 15-lb wood 2x4-in.
propelled at 100-mph for horizontal impacts and 67-mph
for vertical impacts, in accordance with FEMA 320,
“Taking Shelter from the Storm,” 2014 Edition, FEMA
361, “Design and Construction Guidance for Community
Safe Rooms,” 2015 Edition, and the ICC-500 Standard for
“The Design and Construction of Storm Shelters,” 2014
Edition.1
Department of Energy (DOE) Impact Standards

1The ICC-500 – ICC/NSSA Standard for the Design and Construction of Storm Shelters is a referenced standard in the International

Residential Code (since 2009) and the International Business Code (since 2009). This is a Life Safety Standard for protection from
tornadoes and hurricanes. For hurricanes the Standard uses an Extreme Wind Map with wind speeds starting at 225-mph and with
contours along the Atlantic and Gulf Coast stepping inland in 10-mph increments to 160-mph. Doors are required by ICC-500 to
withstand design pressures + a design safety factor of 1.2. Doors for hurricanes without glazing can be static pressure tested to
withstand design pressures + a design safety factor of 1.5.
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A.1.2 - INTRODUCTION
Report No. 20180427A Specimen No. 4 Test Date: April 27, 2018
All testing is conducted by a registered professional engineer (Engineer
of Record). The primary objective in debris impact testing of storm shelters and
shelter components is to assure compliance with a high standard of performance
in protecting shelter occupants from wind-borne debris. Performance criteria
include preventing perforation of the shelter or component by the design missile
and preventing deformations which could cause injuries to the occupants.
A.1.3 - TEST CRITERIA
The testing described is for simulated windborne debris. The primary
simulations are impacts of a 2x4-in. wood board traveling along the board’s
longitudinal axis, striking the test subject perpendicular to the test subject face.
Standards that use this type of simulated debris include ASTM E 1886 & ASTM
E 1996 “Standard Test Method for Performance of Exterior Windows, Curtain
Walls, Doors, and Impact Protection Systems Impacted by Missiles and
Exposed to Cyclic Pressure Differentials,” SSTD 12-99 “SBCII Test Standard
for Determining Impact Resistance From Windborne Debris;” ANSI A250.13,
“Testing and Rating of Severe Windstorm Resistant Components for Swing Door
Assemblies;” FM 4473, "specification Test Standard for Impact Resistance
Testing of Rigid Roofing Materials by Impacting with Freezer Ice Balls, July
2005; ICC-500 – “ICC/NSSA Standard for the Design and Construction of
Storm Shelters;” and Texas Tech University, Wind Science and Engineering’s
Tornado Test Criterion adopted by the Federal Emergency Management Agency
in publication FEMA 320, “Taking Shelter from the Storm,” and FEMA 361, “
Design and Construction Guidance for Community Shelters.” The hurricane test
criterion is addressed in Article A.1.1, Protocols 1-3 and uses a 9-lb 2x4-in.
wood board, called a missile. The missile speed therein described is a function
of the guideline selected and the hurricane wind speed chosen from the
guideline. The tornado test criterion found in Article A.1.1, Protocol 4, uses a 15lb 2x4-in. wood board traveling horizontally at 100-mph, which corresponds to a
250-mph wind, and is the criterion used in designing vertical surfaces for
occupant protection. The criterion for falling debris from a 250-mph tornado is a
15- lb 2x4-in. board traveling at 67-mph (two-thirds the horizontal speed),
striking perpendicular to the surface. The one-third criterion is used for surfaces
horizontal to the ground and inclined less than 30-degrees. Lesser tornado
missile impact speeds for decreased tornado wind speeds are included in the test
regimen and are addressed in FEMA 361. Additional factors of safety are
inherent in the criterion, since there is a very small probability that a missile will
be traveling along its axis and will strike perpendicular to the surface.
Different types and sizes of projectiles are tested in accordance to the
Protocols, see A.1.1, Test Protocols. Impact speeds are as specified in these
protocols, and in A.1.3, Test Criteria.
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A.1.4 - TEST PROCEDURE
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Shelter impacts are conducted in accordance to the Guidelines. Shelter
appurtenances, vents, louvers, windows, or installed electrical equipment,
shelving seats, etc., are impacted by a single missile if they are perceived by the
Test Engineer of Record as vulnerable with regard to Life Safety.
Laboratory pressure tests are not conducted on shelters and shelter
panels. Numerical analysis of wind pressures is outlined in the above listed
standards in the A.1.3 - Test Criteria. Pressure tests are required for swinging
door assemblies in accordance to FEMA 320, FEMA 361, and ICC-500.
Pressure testing is conducted in accordance to the TTU NWI DEBRIS IMPACT
FACILITY Air Bladder Standard 1.1.2016, “Standard Test Method for Structural
Performance of Exterior Doors, Windows, Curtain Walls, and Skylights by
Uniform Static Air Pressure Difference using Air Bladders.” Referenced ASTM
Standards in the TTU NWI Debris Impact Facility Standard 1.1.2016 include the
following: E72, “Standard Test Methods of conducting Strength Tests of Panels
for Building Construction,” E330, “Standard Test Method for Structural
Performance of Exterior Windows, Doors, Skylights and Curtain Walls by
Uniform Static Air Pressure Differences,” E575, “Standard Practice for
Reporting Data from Structural Tests of Building Constructions, Elements,
Connections, and Assemblies,” E1886, “Standard Test Method for Performance
of Exterior Windows, Curtain Walls, Doors, and Impact Protective Systems
Impacted by Missile(s) and Exposed to Cyclic Pressure Differentials,” E1996,
“Standard Specification for Performance of Exterior Windows, Curtain Walls,
Doors, and Impact Protective Systems Impacted by Windborne Debris in
Hurricanes,” F2247, “Standard Test Method for Metal Doors Used in Blast
Resistant Applications (Equivalent Static Load Method).”
Test pressures are dependent upon the storm wind speed selected and the
location of the door or component in the building envelope, per ASCE 7-10. A
1.20 safety factor must be included in the design pressures doors and
components of shelters to meet the requirements of ICC-500. Pressure tests may
be conducted to other pressures as directed by the manufacturer using the same
TTU NWI Debris Impact Facility Standard 1.1.2016
A.1.5 - PASS/FAIL CRITERIA
A.1.5.1
The criterion, Protocols 1-4, for the shelter/shell/panel test pass/fail is
as follows:
A.1.5.1.1
The test subject must be impacted by a minimum of three
missiles in the areas as described in Articles A.1.3 and A.14;
A.1.5.1.2
The missile may penetrate that test subject, but may not
perforate the safe side (back face) of the subject;
A.1.5.1.3
The test subject’s permanent deflection after impact must be less than
3-in.
A.1.5.1.4
Segments, spallings, or otherwise de-laminated portions of
the test subject, though still attached to the subject, may not
extend into the safe compartment 3-in. or more; and
Revised: 02/15/2018 Page 29 of 42
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A.1.5.1.5

Segments of the test subject or appurtenances attached to the
test subject must not be ejected or otherwise released into the
safe compartment by the impact force.
A.1.5.1.6
Door assemblies manufactured to SDI and DHI standards
must hold the required test pressures,
A.1.5.1.7
Maintain locked and firmly attached two door points of
locking and hinging. FEMA 320/361 recognizes that one test
missile can destroy or otherwise disengage one locking point
or one hinge. The guideline therefore requires that at least
two locking points remained engaged and doors with only
two points of locking must have both locks remain engaged
and locked at the conclusion of the impact tests. Door does
not have to be operable at the conclusion of the impact or
pressure tests.
A.1.5.1.8
Pass/fail rating of the door relates to the full door assembly,
including door, locking hardware, hinge, hinge screws, and
door frame. Tested frame attachment connectors must be
equal to or less than shear strength that is commonly
specified and used for the intended installation.
A.1.5.2 The pass/fail criterion for Protocol 5 is in strict accordance to the DOE
Standards.
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A.1.6 – CALIBRATED TEST EQUIPMENT
“All DIF equipment used for testing is calibrated with uncertainties by an accredited calibration company; except the
Tornado cannon; which is calibrated
in-house annually with uncertainties, certificates of uncertainty. Copies of the calibration uncertainties are available upon
request.”

EQUIPMENT
DESCRIPTION

SERIAL NUMBER

8034071153
C304R-6
446AZ-3RL

CALIBRA
TION
COMPAN
Y
Trescal
Trescal
Trescal

DATE
CALIBRA
TION
EXPIRES
7/7/2018
7/7/2018
7/7/2018

E. Bench Midris
Starrett 6" Rule
Starrett Digital Depth
Micrometer
Mitutoyo Digital Outside
Micrometer
Starrett 48' Ruler
Mitutoyo Vernier Outside
Micrometer
Control Company
Stopwatch
Starrett 25' Tape Measure
Starrett, 12" Steel Rule
Starrett Vernier Depth
Micrometer
Mitutoyo Digimatic
Caliper
Transcat Digital Pressure
Gage
Transcat Digital Pressure
Gage
Ohaus DS10
Ohaus SPX123
Crystal Digital Test Gage
Tornado Cannon

IP65 293-344-30

Trescal

7/7/2018

C604R-48
101-113

Trescal
Trescal

5/9/2018
5/9/2018

1051

Trescal

5/9/2018

TX1-25
C304SRE-12
445-6 10-002077

Trescal
Trescal
Trescal

5/9/2018
5/9/2018
5/9/2018

500-197-30

Trescal

5/9/2018

23300P-30

Trescal

5/9/2018

95416PR

Trescal

5/9/2018

SN75107
B610180176
XP2i-500
Projectile speed calibrated with
Olympus iSpeed 3 HD 16 GB
camera, 1280 x 1024 resolution
@ 2,000 fps,
maximum 150,000 fps

Trescal
Trescal
Trescal
TTU NWI
DIF

5/9/2018
1/28/2019
5/9/2018
4/26/2019
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A.1.7 – UN-CALIBRATED TEST EQUIPMENT
EQUIPMENT DESCRIPTION

SERIAL
NUMBER

Olympus i-SPEED 3 High
Speed Video Camera

i-SPEED 3 High
Speed Video
Camera
NI Labview
Signal Express –
2011 Full
Version
G11X49269
software runs on
a National
Instruments
CompactRio data
acquisition system
NI CR10-922
WY NI9205
WI NI9215
NI P515
TTU293132
847B16F20

National Instruments (NI)
Data Acquisition Card (DAC)
with custom software
installed on control panel
computer

Real Time Controller
Dac Card
Dac Card
Power Supply
Latitude E6540 Dell Laptop
Autoquip Hydraulic Scissor Lift
with
Wheels
Air Tank 30 gallon
Air Valve
4-in. butterfly valve, double acting,
EPDM
with solenoid actuator
Optical Timing Sensors
Optical Timing Sensors
4-in. aluminum quick coupler to
connect barrel to valve
4-in.or 6-in. x 20-ft. long Schedule
40 PVC
barrel, depending upon test
Steel reaction frame made of
vertical and horizontal steel beams
anchored to the floor to provide
simple support at the top
and bottom of the test specimen

CALIBRATIO DATE
N COMPANY CALIBRATIO
N EXPIRES
N/A

N/A

Dell

N/A
N/A
N/A
N/A
N/A
N/A

301853
564015

N/A
N/A

PZ251R
PZ125T

N/A
N/A
N/A
N/A
N/A

145

Horizontal articulating cannon
carriage with DC motor drive
and variable speed controller
Control panel with laser sighting
and a
three stage firing system
Projectile Witness Screen - 4'X4'
TI-36X Pro Calculator

N/A

N/A
Sign Pro
Lubbock
K-0713A

N/A
N/A
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A.1.7 USE OF TESTING REPORT, TTU & TTU NWI DIF LOGOS
The written report and supplemental photos and/or videos may be
referenced or distributed by your company. But, Texas Tech University (TTU)
cannot endorse products nor can the name of the University or any of its units or
personnel be used in advertising without first securing written permission from
the University. Any misuse or misrepresentation of the report and/or pictures
will result in action being taken by the University against the responsible parties.
Storm shelter manufacturers or producers that have had products tested at
Texas Tech University National Wind Institute Debris Impact Facility (TTU
NWI DIF) can use the TTU NWI DIF logo provided they conform to the
following:
A.1.7.1
The TTU NWI DIF logo may not be so prominent as to
mislead the public or unduly play upon the TTU NWI DIF
name.
A.1.7.2
Whenever the logo is used, one of the two alternative
statements below is to be employed in the text.
A.1.7.2.1
Tested – complete shelter: The use of the TTU NWI DIF
logo signifies that the complete shelter structure was tested
and successfully passed debris impact resistance tests at TTU
NWI DIF.
A.1.7.2.2
Tested shelter component or product component: The use of
the TTU NWI DIF logo does not signify that the entire
shelter structure or the entire product assembly was tested at
Texas Tech, but rather only [shelter component or product
component
– name explicitly] was tested and successfully passed debris
impact resistance tests at Texas Tech University.
A.1.7.3
All advertising and promotional texts containing the use of
the TTU NWI DIF logo are to be presented to the TTU NWI
DIF for review and approval before distribution.
Texas Tech University will challenge any use of the TTU NWI DIF logo that
does not conform to the above standards.
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APPENDIX B
Manufactures Drawings Report No. 20180427A Specimen No. 4 Test Date: April
27, 2018
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ATTACHMENT 1 - Data Sheets
CARBONSEAL PRIMER FOR STEEL TANK REPAIR (CSL-ST-200) PRODUCT
DATA SHEET
CARBONSEAL GLASS REINFORCEMENT FOR STEEL TANK REPAIR (CSL-ST514-GF) PRODUCT DATA SHEET
CARBONSEAL SATURANT FOR STEEL TANK REPAIR (CSL-ST-400) PRODUCT
DATA SHEET
CARBONSEAL TACK COAT (CSL-ST-350) PRODUCT DATA SHEET
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ATTACHMENT 2 - Certificate of Conformance for Plascore Honeycomb Material
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ATTACHMENT 3 - Certificate of Conformance for Stainless-steel Sheets

167

168

REFERENCES

[1]

Tracinski, Robert. 2015 “The Most Dishonest Year on Record, Global Warming,”
The Federalist, January 15, 2015, http://thefederalist.com/2015/01/19/globalwarming-most-dishonest-year-on-record/.

[2]

Safri, S.N.A.. Sultan, M. T. H., Yidris, N., and Mustapha, F. 2014. “Low-velocity
Impact Test on Composite Materials - A Review,” The International Journal of
Engineering and Science 3 (9): 50-60.

[3]

O’Brasky, James S., Smith, Thomas M., Penetration equation from steel,
aluminum, and titanium plates by deforming projectiles at obliquity. (Dahlgren,
VA: Naval Surface Weapons Center, Weapons Development Branch, (1983).

[4]

Gerard, T. J., Jimenez, T. T., Pieper, J. P. 2015. Protection of Steel Storage Tanks
and Other At-Risk Steel Structures from Tornado Generated Missiles Using
Advanced Fiber Reinforced Polymer (FRP) Systems. Paper presented at SMiRT23: Structural Mechanics in Reactor Technology; Manchester, United Kingdom.

[5]

[NRC Data] United States Nuclear Regulatory Commission. 2016. NRC’s HighValue Datasets. Washington D.C.: Office of Nuclear Regulatory Research.
http://www.nrc.cov/data/ (accessed March 17, 2016).

[6]

[NRC RG 1.76] United States Nuclear Regulatory Commission. 2007. DesignBasis Tornado and Tornado Missiles for Nuclear Power Plants. Washington D.C.:
Office of Nuclear Regulatory Research. Regulatory Guide 1.76 Revision 1.

[7]

[NRC RG 1.221] United States Nuclear Regulatory Commission. 2011. DesignBasis Hurricane and Hurricane Missiles for Nuclear Power Plants. Washington
D.C.: Office of Nuclear Regulatory Research. Regulatory Guide 1.221.

[8]

[NRC TTC] United States Nuclear Regulatory Commission Technical Training
Center. 2003. Pressurized Water Reactor (PWR) Systems. In: Reactor Concepts
Manual. Washington D.C.: Office of Nuclear Regulatory Research.

[9]

[ASME BPVC] American Society of Mechanical Engineers. 2010. ASME Boiler
& Pressure Vessel Code. Section III Rules for Construction of Nuclear Facility
Components. Division 1 Subsection NC; Class 2 Components. New York, New
York: American Society of Mechanical Engineers.
169

[10]

Byrne, J., Hoffman, S., eds. 1996. Governing the Atom: The Politics of Risk. New
Brunswick, NJ: Transaction Publishers.

[11]

Walker, J. S. 2004. Three Mile Island: A Nuclear Crisis in Historical Perspective.
Berkeley, CA: University of California Press.

[12]

Department of Energy (DOE) Protocol 5 DOE Standard 1020-2012, Standard
Method of test. Natural Phenomena Hazards Analysis and Design Criteria for
DOE Facilities. Washington, D.C.: United States Department of Energy.

[13]

Cravens, G. 2007. Power to Save the World: The Truth about Nuclear Energy.
New York (NY): Alfred A. Knopf.

[14]

NRC Backgrounder. 2015. Decommissioning Nuclear Power Plants. USNRC;
http://www.nrc.gov/reading-rm/doc-collections/fact-sheets/decommissioning.pdf.
(accessed 2016 Mar 22).

[15]

American Society of Civil Engineers Standard. 2010. Minimum Design Load for
Buildings and Other Structures. American Society of Civil Engineers: Reston, VA
(2010).

[16]

Mazuzan, G. T., Walker, J. S. 1984. Controlling the Atom: The Beginnings of
Nuclear Regulation 1946-1962. Berkeley (CA): University of California Press.

[17]

Mahaffey, J. 2014. Atomic Accidents: A History of Nuclear Meltdowns and
Disasters. New York: Pegasus Books.

[18]

Linderman, R. B., Rotz, J. V., Yeh, G. C. K. 1974. Design of Structures for
Missile Impact. San Francisco: Bechtel Power Corporation. Prepared for U.S.
Atomic Energy Commission.

[19]

Pope, D. 2008. Nuclear Implosions: The Rise and Fall of the Washington Public
Power Supply System. Cambridge, England: Cambridge University Press.

[20]

Unger, David J. 2014. “New Nuclear Plant Gets $6.5 Billion Federal Loan.”
Christian Science-Monitor. February 19, 2014.
https://www.csmonitor.com/Environment/Energy-Voices/2014/0219/Newnuclear-plant-gets-6.5-billion-federal-loan.-Nuclear-comeback

[21]

[NRC GDC] United States Nuclear Regulatory Commission. 2015. Title 10, Code
of Federal Regulations. Part 50, Domestic Licensing of Production and Utilization
Facilities. Appendix A, General Design Criteria for Nuclear Power Plants.
Washington D.C.: Office of Nuclear Regulatory Research.

170

[22]

[NRC IN 2013-18] United States Nuclear Regulatory Commission. 2013.
Refueling Water Storage Tank Degradation. Washington D.C.: Office of Nuclear
Reactor Regulation. Information Notice 2013-18. Washington D.C.: Office of
Nuclear Regulatory Research.

[23]

Almusallam, T., Al-Salloum, Y., Alsayed, S., Iqbal, R., Husain, A. 2015. “Effect
of CFRP Strengthening on the Response of RC Slabs to Hard Projectile Impact.”
Nuclear Engineering and Design 286: 211-226.

[24]

Li, J., Wang, S., Johnson, W. 2014. Pipe/Duct System Design For Tornado
Missile Impact Loads. Nuclear Engineering and Design 269: 217-221.

[25]

Greenstreet, B. L., Salmon, A. L., Weil, N. A. 1965. 6.6 Shock and Missile
Protection. In: U.S. Reactor Containment Technology. Volume I.. ed. W.B.
Cottrell, A.W. Savolainen, 686-715. Oak Ridge, TN: Oak Ridge National
Laboratory.

[26]

Aly, S. Y., Li, Q. M. 2008. “Critical Impact Energy for the Perforation Of
Metallic Plates.” Nuclear Engineering and Design 238: 2521-2528.

[27]

Field, J. E., Hutchings, I. M. 1987. Surface Response to Impact. In: Materials at
High Strain Rates, ed. T.Z. Blazynsky. 243-289. New York: Springer Science &
Business Media.

[28]

Latif, Imran, Rahman, Ismail Abdul. 2011. Development of empirical formula
prediction on critical impact energy for perforation phenomena on concrete
structures. Journal of Mathematics Research, 3 (1).

[29]

Agrawal, S., Singh, K. K., Sarkar, P. K. 2014. Impact damage on fibre-reinforced
polymer matrix composite – A review. Journal of Composite Materials 48 (3):
317-332.

[30]

Mohan, S., Velu, S. 2014. Ballistic impact behaviour of unidirectional fibre
reinforced composites. International Journal of Impact Engineering. 63: 164-176.

[31]

Corbett, G. G., Reid, S. R, Johnson, W. 1995. Impact loading of plates and shells
by free-flying projectiles: a review. International Journal of Impact Engineering.

[32]

Illinois Institute of Technology, Air Force Office of Scientific Research. Impact
Strength and Toughness of Fiber Composite Materials, AD-753 101. Broutman,
Lawrence, J. and Rotem, A., et al.. AFOSR Scientific Report TR-82-2289.
Washington, D.C.: National Technical Information Service, U.S. Department of
Commerce, 1973.

[33]

Aslan, Z, Karakuzu, R. and Okutan, B. 2003. The response of laminated
composites under low velocity impact loading. Composite Structures 119-127.
171

[34]

Raju, B. B., Liu, D. and Dang, X. 1998. Size effects on impact response of
composite laminates. In: 13th Annual Technical Conference on Composite
Materials, page 837-854. Baltimore: American Society for Composites.

[35]

Naik, N.K. 2016. Analysis of woven fabric composites for ballistic protection. In
Advanced Fibrous Composite Materials for Ballistic Protection. Elsevier et al.

[36]

Cantwell, W. J. and Morton, J. 1989. Geometrical effects in the low-velocity
impact response of CFRP. Composite Structures, 39-59.

[37]

Gellert, E. P., Cimpoeru, S. J., and Woodward, R. L. 2000, A study of the elect of
target thickness on the ballistic perforation of glass fibre-reinforced plastic
composites. International Journal of Impact Engineering, 445-456.

[38]

Shaktivesh, et al. 2013. Ballistic impact performance of composite targets.
Materials and Design 833-846.

[39]

Petrescu, Horia, Alexandru, Hadar, Anton, Pastrama, Stefan, Dan. 2017.
Experimental Program for Impact Tests on a Honeycomb Core Composite
Material. In: Proceedings of the Romanian Academy, Series A, Volume 18,
Number 2, pp. 150-157. Bucharest, Romania: The Publishing House of The
Romanian Academy.

[40]

Rajkumar, S., Arulmurugan, B., Manikandan, M., Karthick, R., Kaviprasath, S.,
Analysis of Physical and Mechanical Properties of A3003 Aluminum Honeycomb
Core Sandwich Panels, Dr. P. Sasi Kuman, Dr. K.E.K. Vimal and Dr. M.
Manikandan. Vol 867, 245-253, (2017).

[41]

Wierzbicki, Tomasz. 1983. Crushing analysis of metal honeycombs. International
Journal of Impact Engineering 1 (2): 157-174.

[42]

Meikle, J. L. 1995. American Plastic: A Cultural History. New Brunswick, NJ:
Rutgers University Press.

[43]

Sadaq, S. I., Kumar, V. S., Ahmed, G. M. S., Irfan, M. 2015. Experimental
Investigation and Impact Analysis of GFRP Composite Laminates. In:
Proceedings of the 4th International Conference on Materials Processing and
Characterisation. 2: 2808-2816.

[44]

Hosford, W. F. 2013. Composites. In: Elementary Materials Science, ASM
International 115-119. Material Park, OH: ASM International.

[45]

Perillo. G., Vedivik, N. P., Echtermeyer, A. T. 2015. Damage development in
stitch bonded GFRP composite plates under low-velocity impact: Experimental
and numerical results. Journal of Composite Materials 49 (5): 601-615
172

[46] Pike, Jeom Kee, Thayamballi, Anil K., Kim, Gyu Sung. 1999. The strength
characteristic of aluminum honeycomb sandwich panels. Thin-Walled Structures
35: 205-231. Department of Naval Architecture and Ocean Engineering, Pusan
National University, Pusan 609-735, South Korea, Chevron Shipping Co., San
Franscisco, CA 94105
[47]

Altran Corporation. Evaluation of the Refueling Water Storage Tank Bottom
Plate Crack. Technical Report No. 00115-TR-001. Prepared for South Texas
Nuclear Operating Company. Boston, MA, (2000).

[48]

Engineers Edge. “Flat Plate Formula.” EngineersEdge.com.
www.engineersedge.com, March 15, 2019.

. [49] Zhou, Qing, Mayer, Robert R. Characterization of Aluminum Honeycomb
Material Failure in Large Deformation Compression, Shear, and Tearing.
(Warren, MI: Research and Development Center, General Motors Corporation,
(September 2002).
[50]

Wang, Zhi-Wei, Ping, Yu E. 2010. Mathematical modeling of energy absorption
property for paper honeycomb in various ambient humidities. Materials and
Design 31: 4321-4328.

[51]

Goldsmith, Werner, and Slackman, Jerome L., July 30 1991, revised January 20,
1992. An Experimental study of energy absorption in impact on sandwich plates.
International Journal of Impact Engineering 12 (2): 241-262.

173

